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ABSTRACT OF THESIS
USING THE INDICATOR AMINO ACID OXIDATION TECHNIQUE TO STUDY
THREONINE REQUIREMENTS IN HORSES FED DIFFERENT FEED COMPOSITIONS
Threonine has been reported to be the second limiting amino acid in typical equine diets,
but its actual requirement has not been determined in horses. The indicator amino acid oxidation
(IAAO) method has been successfully used for evaluating amino acid metabolism and
requirements in animals and humans. The objective of this research was to use the IAAO method
to estimate threonine requirements in mature horses fed two different feed compositions. In the
first study, 6 Thoroughbred mares (4 – 16 years old) received each of 6 levels of threonine intake
in a high concentrate diet, in a randomly determined order. The experimental diets consisted of
concentrate at 0.95% of body weight (BW), and chopped timothy hay at 0.95% of BW, and met
or exceeded NRC recommendations for all nutrients. Threonine intakes for the 6 treatments were
45, 56, 67, 79, 90 and 102 mg/kg BW/d and were generated by mixing the two experimental
concentrates, containing 2.9 and 14.8 g threonine/kg diet, in different ratios. In the second study,
horses received each of 6 levels of threonine intake, 41, 51, 61, 70, 80, and 89 mg/kg BW/d, in a
high forage diet, in a randomly determined order. The experimental diet was concentrate at 0.4%
of BW, and chopped timothy hay at 1.6% of BW. Study periods for each study were 7-d long and
on d 6, blood samples were collected before and 90 min after feeding to measure amino acid
concentrations using HPLC. On d 7, horses underwent IAAO procedures, which included a two
hour primed, constant intravenous infusion of [13C]sodium bicarbonate to measure total CO2
production and a four hour primed, constant oral administration of [1-13C]phenylalanine to
estimate phenylalanine oxidation to CO2. Blood and breath samples were collected to measure
blood [13C]phenylalanine, using GC-MS analysis, and breath 13CO2 enrichment, using an infrared
isotope analyzer. Experimental data were analyzed using a one-way ANOVA, including
orthogonal linear and quadratic contrasts, in the mixed procedures of SAS version 9.3, with
treatment as the fixed effect and horse nested in treatment as the random effect. Statistical
significance was declared at P<0.05. Phenylalanine oxidation rates were not affected by increased
threonine concentration in a high concentrate diet (P>0.05). Increasing threonine intake levels in
a high forage diet did not affect plasma phenylalanine oxidation by the ANOVA test (P>0.05) but
resulted in a linear decrease in phenylalanine oxidation (P=0.04) without a breakpoint by the
orthogonal linear contrast. Threonine requirements are still unknown in mature horses fed either
high concentrate or high forage diet. The present studies were the first attempt to evaluate
threonine requirements in horses by the indicator amino acid oxidation method.
Keywords: Equine, Maintenance, Requirement, Threonine
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Chapter 1. Introduction
Providing an adequate nutrient composition in an animal’s diet is a basic and
essential part of the livestock industry, thus the proper evaluation of nutrient
requirements is necessary. For amino acids in particular, knowing the requirements
not only optimizes productivity, but also minimizes the environmental pollution
caused by excess nitrogenous waste. Without knowledge of the requirements for each
indispensable amino acid, protein sources may be overfed to meet or exceed the
requirements resulting in greater nitrogen excretion, which can cause many
unfavorable results both in animal and handler health, and for the environment. Thus
measuring requirements of individual indispensable amino acids is warranted and the
estimated requirements could be used to formulate diets with an optimal amino acid
profile.
Managing body protein accretion is important in the equine industry because
horses are an athletic species with a high percentage of body weight as muscle. There
is a paucity of previous research studying the specific requirements for crude protein
and amino acids in horses of any age. Despite the fact that threonine has been
suggested as the second limiting amino acid in a typical equine diet (Graham et al.,
1994; Graham-Thiers and Kronfeld, 2005; Tanner et al., 2014), even the NRC (2007)
provides only crude protein and lysine requirements in horses.
Conventionally, amino acids requirements in animals have been determined by
using estimates based on the amino acid composition in animal tissues, measuring
growth rate, measuring blood levels of certain metabolites, or conducting nitrogen
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balance studies. However, using the amino acid composition of body tissues does not
account for the digestibility and the other uses of the nutrient in the body other than
making that tissue, measuring growth is not a practical method for mature animals,
and using the blood concentration of metabolites might not stand alone as an
indicator for estimating amino acid requirements. Furthermore, it is hard to detect
some minor nitrogen losses, such as nitrogen in hair, hooves and sweat, so it could
cause underestimated nitrogen balance. Therefore, a sensitive method is needed to
estimate amino acid requirements more accurately. The indicator amino acid
oxidation method has been suggested as a “gold standard” technique for evaluating
amino acid requirements because the estimates from this method would reflect
digestibility and protein turnover in the animal’s body.
The present studies were conducted to elucidate threonine requirements in
mature horses. This thesis includes a literature review to understand protein
metabolism in animals, factors affecting threonine requirements, and various methods
for determining amino acid requirements. The objective of this thesis research was to
evaluate threonine requirements in horses fed two different ratios of forage to
concentrate with an improved method for estimating amino acid requirement, the
indicator amino acid oxidation technique.

2

Chapter 2. Literature review
To evaluate the threonine requirements in horses, the current knowledge of
protein digestion, utilization and metabolism should be understood beforehand.
Factors such as digestibility, endogenous losses and various physiological states,
which might alter the threonine requirements, need to be considered, and also an
appropriate method should be chosen to increase the accuracy of the estimates of
threonine requirements. In this section, the relevant research is reviewed to improve
comprehension of studying threonine requirements in horses.

Crude protein and amino acid requirements in horses
The crude protein requirement recommended for maintenance in NRC (2007) is
determined at the point of zero balance of nitrogen, where nitrogen accretion and loss
occur at the same rate. However, measuring true nitrogen losses is susceptible to
underestimation because minor sources of nitrogen losses, such as hair, skin and
sweat, are hard to quantify. Therefore, when estimating crude protein requirements
by nitrogen balance trials, some compensation might be needed for making nitrogen
retention greater than zero.
According to the reviewed data in the NRC (2007), the crude protein requirement
for horses in average maintenance is 1.26 g/kg BW/d. Applying the 95% confidence
interval, the minimum crude protein requirement is calculated to be 1.08 g/kg BW/d
for horses having less activity, and the crude protein requirement for elevated
maintenance is estimated to be 1.44 g/kg BW/d for horses with a more active
3

temperament. The crude protein requirements for maintenance in growing horses,
pregnant mares, lactating mares and exercising horses is in the same range of the
requirement for mature horses at maintenance. Table 2.1 shows the maintenance
requirement of crude protein in horses at various physiological states. Because the
nutrients required for deposition of fetal tissues, milk production or exercise are not
considered as the maintenance portion of the requirement, the maintenance
requirements of crude protein in mature horses are consistent in various physiological
states. In addition to the maintenance requirements, requirements for growth,
pregnancy, lactation and exercise should be accounted for by providing an adequate
amount of crude protein (Table 2.2).

4

Table 2.1 Maintenance crude protein requirements in horses at various
physiological states1, g/kg BW/d
Maintenance
Crude protein

1

Minimum

1.08

Average

1.26

Elevated

1.44

Growth

Pregnancy

1.44

1.26

Lactatio
n
1.44

Exercise
Same as maintenance
requirement

Data from NRC (2007)

Table 2.2 Additional crude protein requirements in horses at various physiological
states1, g/kg BW/d
Additional crude protein requirements
Growth

(Average daily gain kg × 0.20)/Ea)/0.79 g CP/d

Pregnancy

(Fetal gain kg/0.5)/0.79 g /d

Lactation

Milk production kg/d × 50 g CP/kg milk

Exercise
Light

BW × 0.089 g CP/kg BW/d

Moderate

BW × 0.177 g CP/kg BW/d

Heavy

BW × 0.266 g CP/kg BW/d

Very heavy

BW × 0.354 g CP/kg BW/d

1

Data from NRC (2007)
E = efficiency of use of dietary protein; 50% for horses 4–6 months of age, 45% for
horses 7 and 8 months of age, 40% for horses 9 and 10 months of age, 35% for horses 11
months of age, and 30% for 12 months of age or older
Total crude protein requirement can be calculated by adding the calculated values to the
appropriate maintenance requirements (Table 2.1).

a
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Because both body protein synthesis and breakdown are energy consuming
processes, nitrogen balance and the apparent utilization of dietary protein are affected
by energy balance (NRC, 1989). When energy intake was deficient, horses showed
weight losses even though they were fed 1,300 mg/kg BW/d of crude protein, and
also when energy intake was adequate, feeding low protein diet providing 700 mg/kg
BW/d of crude protein resulted in weight losses (Sticker et al., 1995). Therefore,
adequate dietary energy must be provided to utilize dietary protein properly.
The latest edition of the NRC (2007) does not provide specific amino acid
requirements, with the exception of the lysine requirement. The lysine requirement in
mature horses at maintenance was estimated in NRC (2007) at 36 mg/kg BW/d based
on the lysine intake corresponding to zero nitrogen retention and at 54 mg/kg BW/d
based on the nitrogen retention analyzed by the broken-line analysis which showed a
plateau when lysine intake was above 54 mg/kg BW/d. The recommended lysine
requirement can also be expressed as 4.3% of crude protein requirements in horses at
maintenance, growing, pregnant and exercising states. In lactating mares, lysine
requirements can be calculated by the following formula: kg milk yield/d × 3.3 g
lysine/kg milk + the maintenance requirement of lysine.

Importance of providing appropriate amounts of dietary protein
Consequences of overfeeding dietary protein
Practically, one of the common strategies to ensure sufficient dietary
indispensable amino acid intake, when actual requirements are unknown, is by
6

providing a diet with a high crude protein composition. A recent study conducting a
survey on horse farms in the Chesapeake Bay Watershed region with 201 horses
reported that the crude protein intake from that area was 157 ± 41.8% of NRC (2007)
recommendations (Harper et al., 2009). Excess dietary amino acids, which are not
used for protein synthesis or other metabolism in the body, will not be stored and
must be catabolized to CO2 and ammonia, and subsequently urea, for the excretion of
the excess amounts of carbon and nitrogen, respectively.
Feeding a high protein diet results in an elevated nitrogen content in both the
urine and feces of ponies (Olsman et al., 2003) and greater rates of nitrogen excretion
lead to environmental acidification and eutrophication (Le Bellego et al., 2001; Amin
et al., 2002; Rotz, 2004; Powers et al., 2007). However, the portion of ammonia
emissions resulting from horse industry is relatively small: only 2.9% of total
ammonia emissions from animal husbandry operations in the United States in 2002
(EPA, 2005; Table 2.3) and 0.8% of total ammonia emission from agriculture
industry in Europe in 2002 (Kuczyński et al., 2005). Even though the ammonia
emissions from the equine industry is a small portion of the total, it still can cause
adverse effect on animal and handler health by generating noxious gas which irritates
the eyes and the respiratory tract (Pickrell, 1991).

7

Table 2.3 Summary of ammonia emissions from the U.S. animal husbandry
operations in 2002 (EPA, 2005)
Animal Group

Ammonia Emissions, tons

Dairy1

558,094

Beef2

656,648

Poultry3

664,238

Swine4

429,468

Sheep

24,835

Goats5

14,028

Horses

71,285

Total

2,418,595

1

Includes dairy cows and dairy heifers
Includes beef cattle, bulls, and calves
3
Includes chickens and turkeys
4
Includes breeding and market pigs
5
Includes milking and Angora goats
2

8

In order to excrete the amino group of the excess amino acids, the majority of the
amino groups are ultimately converted to urea in the liver. Urea synthesis is an
energy-consuming process, and thus excess protein consumption would cause
inefficiency in animal production. Adverse effects of a high protein diet resulting in a
high rate of urea synthesis have been reported in various species. A review study in
human adults reported that protein consumption above recommended dietary
allowance (> 0.8 g protein/kg BW/d for adults; ~142 g/d) resulted in disorders of
bone and calcium homeostasis, renal function, and liver function (Delimaris, 2013).
Moreover, high protein diets increased cancer risk and progression of coronary artery
disease (Delimaris, 2013). Pigs fed greater amino acids resulted in less efficient body
growth associated with increased heat production (when >16.7% CP fed) and
decreased energy retention (when >18.9% CP fed; Le Bellego et al., 2001). During
the finishing phase, feeding high protein diets (35.9% CP) to pigs resulted in
decreased feed intake, rate of gain, and feed conversion efficiency compared to
feeding the control diet (13.1% CP; Leheska et al., 2002). In mature horses, even
though the animals were fed a high protein diet (16.6% CP), which is 160% of the
crude protein requirement and provided greater energy (5.5 Mcal/100 kg BW/d), they
did not gain more weight than the animals fed a control diet (12.5% CP and 4.8
Mcal/100 kg BW/d, Connysson et al., 2006). This result might be due to the extra
energy used to convert excess nitrogen to urea for excretion when horses were fed the
high protein diet.
Moreover, greater nitrogen intake might have negative effects on exercising
animals. Because water is necessary for nitrogen excretion, it was found that
9

Standardbred horses fed crude protein at 160% of the requirement (16.6% CP)
showed increased water intake, nitrogen excretion and urine volume (Connysson et
al., 2006) compared to horses that received the recommended intake of crude protein
(12.5% CP; NRC, 1989), which might be an unnecessary challenge for exercising
horses as it would cause them to carry more water weight during exercise. A lower
blood pH resulted from feeding a high protein diet (14.5% CP) to horses at rest and
exercising compared to feeding a low protein diet (7.5% of CP; Graham-Thiers et al.,
1999; Graham-Thiers et al., 2000). Vigorous exercise itself could reduce blood pH by
lactic acid production (McArdle et al., 2009), and thus any additional decrease in
blood pH caused by high level of protein consumption might increase the risk of
acidosis. Human males fed high protein diets (24 ± 3% CP) showed lower muscle pH
compared with men fed low protein diets (10 ± 1% CP), which suggested that muscle
buffering capacity is decreased by higher protein consumption (Greenhaff et al.,
1988). Similarly, oral administration of NH4Cl induced acute muscle acidosis in
humans, resulting in lowered intramuscular buffering capacity and muscle pH
(Hultman et al., 1985). Because horses are an athletic species, the deterioration of
exercise capacity might be a greater concern for horses compared with the other
livestock species, which are primarily raised as a human food source. Therefore,
feeding a high protein diet to horses for ensuring sufficient dietary amino acids needs
to be considered more carefully in horses, and the importance of evaluating amino
acid requirements is emphasized.

10

Low protein diets and supplementing nitrogen sources
The deficiency of either a specific indispensable amino acid or digestible protein
in an animal’s diet can lead to protein deficiency symptoms. Generally, low protein
intake will result in poor hair and hoof growth in horses (NRC, 1989), weight loss in
yearlings (Ott and Kivipelto, 2002), early fetal loss in pregnant horses (van Niekerk
and van Niekerk, 1997a), slower return to ovulation in mares (van Niekerk and van
Niekerk, 1997b), low protein concentrations in milk in lactating mares (Martin et al.,
1991), and reduced milk intake and poor growth rate in foals from mares receiving a
protein deficient diet (Martin et al., 1991).
Non-protein nitrogen, such as urea, has been accepted as a protein supplement in
ruminant diets because rumen microbes can use the urea to form bacterial proteins,
which can then be digested in the abomasum and small intestine (Reid, 1953). Horses
also have microbial fermentation; however, it occurs in hindgut, which is after the
small intestine, the major site of amino acid and urea absorption (Reitnour and Treece,
1971). There are conflicting reports in the literature as to the value of urea in
replacing dietary crude protein in horses. In one study, a high concentration of urea
fed to mature horses did not seem to be harmful (Rusoff et al., 1965), and in another
study, the addition of urea to horse feed resulted in increased nitrogen retention
(Slade et al., 1970). However, another study reported that urea was primarily
absorbed in the small intestine and was excreted via the urine, and thus urea
utilization by hindgut microbes or the host animal was marginal (Reitnour and Treece,
1971; Maczulak et al., 1985). Even feeding a single dose of 450 g urea to 8 mature
ponies (up to 136 kg of BW) resulted in the death of 7 ponies, and these ponies had
11

increased blood urea, ammonia, α-ketoglutarate, glucose and pyruvate concentrations
(Hintz et al., 1970). Hindered α-ketoglutarate decarboxylation was suggested as the
principal cause of ammonia poisoning. Thus, supplementing urea as a nitrogen
source in horses might not be always safe and efficient, so it should be avoided.
To supplement dietary crude protein sources which may be deficient in one of
more of the indispensable amino acids, crystalline amino acids can be added to the
feed. Historically, lysine (Graham et al., 1994; Ott et al., 1981) and threonine
(Graham et al., 1994; Graham-Thiers and Kronfeld, 2005) have been thought to be
the most limiting amino acids in typical equine diets, and they are frequently
supplemented in the feed to improve body protein synthesis. Additional lysine fed to
growing horses receiving coastal bermudagrass hay and concentrate improved the
growth rate in growing horses (Potter and Huchton, 1975; Ott et al., 1981; Graham et
al., 1994). Threonine supplementation resulted in increased weight gain in growing
horses when lysine was also supplemented, but the increased weight gain was not
different compared with only lysine supplemented diet fed group (Graham et al.,
1994). However, girth gain was greater when threonine was supplemented in addition
to lysine (Graham et al., 1994). This increase in girth gain was interpreted to indicate
that body protein synthesis was increased by the addition of threonine to the lysine
supplemented diet. The supplementation of lysine (20.0 g/d) and threonine (15.0 g/d)
together to mature horses improved muscle mass scores and lowered body condition
scores with no decrease in body weight compared to the control group which
received no amino acid supplementation, suggesting improved lean tissue accretion
(Graham-Thiers and Kronfeld, 2005).
12

Protein digestion in horses
Horses, a herbivorous species, have evolved to digest plant material, and thus
their digestive system has been developed to use fiber sources better than those of
carnivorous or omnivorous species. Microbial fermentation in the hindgut enables the
horse to use nutrients from plant sources better than species with minimal or no
hindgut microbial fermentation. Because of the unique features of the equine
digestive tract, different feed ingredients will be digested with a different degree in
different parts the intestinal tract. Horses are a non-ruminant hindgut fermenter and
thus they possess both mammalian enzymatic digestive capacity in the foregut, the
stomach and small intestine, and microbial fermentative digestive activity in the
hindgut, the cecum and colon. Dietary protein needs to be degraded into individual
amino acids or small peptides to get absorbed in the digestive tract. There is limited
data regarding how much of the dietary amino acids are actually absorbed and
utilized for protein synthesis in horses.

Protein degradation
Protein is digested by enzymes produced in the foregut and pancreas, and the
resulting amino acids are absorbed in the small intestine. Hydrochloric acid secreted
by the parietal cells in the stomach denatures ingested protein and activates inactive
form of the proteolytic enzyme, zymogen pepsinogen, into pepsin. Activated pepsin
cleaves larger peptide chains into smaller peptides, which then enter the small
intestine.
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Further degradation of peptides occurs in the small intestine. Compared to other
parts in the equine intestinal tract, the ileum possesses the highest proteolytic activity
where 23.85 µg of protein gets hydrolyzed per mg ileal content per minute (Kern et
al., 1974). In equine ileum, trypsin, an endoprotease produced in the pancreas,
hydrolyses the C-terminal of peptide bonds of amino acids. The oligopeptides broken
down from trypsin activity are degraded by pancreatic carboxypeptidases and then
those constituents end up as di- or tripeptides or free amino acids by the action of the
enzyme, oligopeptidase, located in the brush border of mucosal cells.
In the hindgut, structural carbohydrates and nutrients associated with fiber
structure that are not degraded pre-cecally are fermented by microbes. Thus, cell
contents including protein, which is surrounded by the structural carbohydrates in the
plant cell, can be finally degraded. Microflora in the hindgut ferments dietary
nitrogenous components, such as gelatin, casein, peptones, amino acids or ammonia,
that contribute to hindgut amino acids metabolism, but urea is barely fermented by
the equine hindgut bacteria (Maczulak et al., 1985). Bacterial isolates obtained from
cecal contents of mature horses were cultured on a habitat-simulating medium
containing urea, ammonia, peptones, or amino acids as sole nitrogen sources and
only 17.9 and 20.5% of bacterial isolates were able to use urea and ammonia for the
growth, respectively, while 100 and 35.9% of bacteria grew in peptone and amino
acid media, respectively (Maczulak et al., 1985).
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Amino acid absorption
Despite the fact that 11 – 30% of total tract apparent nitrogen digestion occurs in
the small intestine and 40 – 70% of it occurs in the hindgut (Reitnour and Salsbury,
1972; Gibbs et al., 1988), the majority of amino acids are absorbed in the foregut,
which is supported by an amino acid transporter mRNA study (Woodward et al.,
2010). In the foregut, 16 – 58% of net nitrogen absorption occurs, especially in the
jejunum and ileum (Glade, 1983; Gibbs et al., 1988). Although the nitrogen
absorption in the equine small intestine has not been fully defined, nitrogen is
absorbed in the small intestine mainly as free amino acids in most mammals
(Ganapathy et al., 1994).
Post-ileal nitrogen uptake accounts for a significant portion of total nitrogen
absorption in horses (Reitnour et al., 1969; Reitnour and Salsbury, 1972; Gibbs et al.,
1988). There is some evidence that nitrogen absorbed in the large intestine could be
as ammonia (Slade et al., 1971; Reitnour and Salsbury, 1972; McMeniman et al.,
1987), but the nitrogen is not likely in the amino acid form (Reitnour and Salsbury,
1975). Without confirmation of an in vivo study, some in vitro studies showed that Lalanine and cycloleucine were actively transported through the serosa layer but active
transport of those amino acids through the mucosa layer was not observed in the
equine cecum (Freeman et al., 1989; Freeman and Donawick, 1991), providing
evidence to support that there may not be substantial uptake of amino acids from the
lumen of the large intestine. On the other hand, lysine transporters across the apical
membrane in the equine and swine large colon were found to have greater capacity
but less affinity than those in the jejunum suggesting the importance of hindgut
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absorption of lysine (Woodward et al., 2012). However, there is still limited research
fully elucidating the mechanism or absorbed form of nitrogen uptake in equine
hindgut. Further research is warranted to determine the hindgut nitrogen absorption
in horses.

Amino acid bioavailability
Measuring amino acid digestibility is one of the methods to estimate the
bioavailability of dietary amino acids. Amino acid bioavailability in an animal’s diet
represents the proportion of dietary amino acid absorbed that can be used for protein
synthesis or metabolism in the body (Lewis and Bayley, 1995). Ileal digestibility
describes amino acid bioavailability better than total tract digestibility because most
of the dietary amino acid absorption occurs in the small intestine and hindgut
fermentation can affect amino acid metabolism by bacterial protein production (Sauer
and Ozimek, 1986; Stein et al., 2007).
Ileal digestibility of an amino acid can be expressed in various terms: apparent,
true, or standardized ileal digestibility. The differences between the values of these
terms depends on how the ileal endogenous losses are accounted for. Ileal
endogenous amino acid losses represent amino acids in ileal digesta that are not from
the diet but endogenously synthesized, such as intestinal mucin protein, sloughed
cells, and digestive enzymes (Nyachoti et al., 1997). The endogenous amino acid
losses are influenced by the diet that the animals consume (Satchithanandam et al.,
1990; Myrie et al., 2008) and divided into two components, basal and specific
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endogenous losses (Jansman et al., 2002). The basal endogenous losses are obligatory
amino acid losses occurring regardless of which diet fed to animals. On the other
hand, the specific endogenous amino acid losses are induced at different rates,
depending on the characteristics of diet compositions. Thus total endogenous losses
are also affected by feed ingredients. Feeding a highly digestible protein will result in
minimal specific losses, but feeding a diet containing greater anti-nutritive factors,
such as fiber, increases the specific endogenous amino acid losses (Satchithanandam
et al., 1990; Souffrant, 1991). Total endogenous losses can be estimated by the
homoarginine technique and the isotope tracer dilution technique (Stein et al., 2007).
The basal endogenous amino acid losses can be estimated by measuring amino acid
contents in ileal digesta when animals were fed a protein-free diet. However, in
horses, feeding a protein-free diet is not a realistic method, so the basal endogenous
losses can be estimated by the regression technique with nitrogen excretion in
response to nitrogen intake. By subtracting the basal losses from total endogenous
losses, the specific losses can be calculated.
Apparent ileal digestibility is calculated by the following formula (Stein et al.,
2007):
AID, % = [(amino acid intake – ileal amino acid outflow)/amino acid intake]
× 100.
Ileal amino acid outflow contains dietary amino acids that are not digested and
intestinal endogenous amino acid losses. Therefore, apparent ileal digestibility
underestimates dietary amino acid absorbed because it is not possible to separate
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undigested dietary amino acid from total intestinal amino acid flow, so how much of
the amino acid was actually absorbed from the diet cannot be determined.
Calculating true ileal amino acid digestibility can be conducted by the following
two equations (Stein et al., 2007):
TID, % = {[amino acid intake – (ileal amino acid outflow – total ileal
endogenous amino acid losses)]/amino acid intake] × 100, or
TID, % = AID + [(total ileal endogenous amino acid losses/amino acid intake)
× 100].
True ileal amino acid digestibility accounts for the contribution of total
endogenous losses, both basal and specific losses, to the ileal amino acid outflow and
thus, it is greater than apparent ileal digestibility. This is the closest estimate of
bioavailability of dietary amino acid because it separates out the endogenous losses
and undigested dietary amino acids in the ileal amino acid outflow.
On the other hand, standardized ileal amino acid digestibility only accounts for
basal endogenous losses, and it is calculated by the following equations (Stein et al.,
2007):
SID, % = {[amino acid intake – (ileal amino acid outflow – basal ileal
endogenous amino acid losses)]/amino acid intake} × 100, or
SID, % = AID + [(basal endogenous amino acid losses/amino acid intake) × 100].
The specific losses are not obligatory for every situation, but induced depending
on characteristics of feed ingredients, and thus, standardized ileal digestibility, which
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is corrected apparent ileal digestibility with only basal endogenous amino acid losses,
is the better estimate of dietary amino acid bioavailability for diet formulation with
various ingredients than true ileal digestibility, which varies between feed ingredients.
Amino acid requirements in horses are expressed as total amino acid contents in
diet whereas those for other species, such as pigs, are generally given on a
standardized ileal digestible basis. Because the total amino acid content present in a
diet cannot be entirely digested and absorbed in animals, the amount of amino acid
that can be absorbed, which is digestible amino acid, needs to be known before
formulating the diet. Therefore, amino acid requirements in a standardized ileal
digestible basis are less than requirements expressed as total amino acid content.
However, in horses, there is a lack of information on standardized ileal digestibility
of the various diet ingredients, so realistically, apparent ileal digestibility might be
used for the calculation of how much dietary amino acid might be available in the
animal’s body, although it would underestimate the bioavailability.

Effect of feed composition on protein digestibility
Forage is the major feedstuff for horses and horses need to consume it to
maintain normal digestive tract function. However, the components of plant cell wall,
such as cellulose, hemicellulose, and lignin, are not digestible by animal enzymes,
and therefore high fiber contents in animal diets decrease protein digestibility and
dietary protein utilization. In pigs, the pre-cecal endogenous loss of amino acids was
increased by dietary fiber (Stein et al., 2007; Myrie et al., 2008) and fiber contents in
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feeds decreased apparent total tract protein digestibility (Zhang et al., 2013) and
apparent ileal digestibility of amino acids (Myrie et al., 2008).
The greater part of hay protein digestion occurs in the large intestine by the
microbes, and significant amounts of nitrogen absorbed from the large intestine is
believed to be mostly in the form of ammonia, which cannot be used by the animal to
remake the indispensable amino acids (Slade et al., 1971; Hintz and Schryver, 1972;
Reitnour and Salsbury, 1972; McMeniman et al., 1987; Gibbs et al., 1988). However,
the majority of dietary protein from concentrates is mainly digested and absorbed in
the small intestine, presumably in the form of amino acids (Rosenfeld and Austbø,
2009). Therefore, the quality of forage and the ratio of forage to concentrate in the
diet should be considered when determining the amino acids requirements.

Blood amino acid pool
Dietary protein is one of the major sources of the amino acids in the blood amino
acid pool (Savary-Auzeloux et al., 2003). Free amino acids degraded from dietary
protein are absorbed into the blood and are carried primarily in the plasma. The other
way for amino acids to enter the blood amino acid pool is through body protein
degradation. Dispensable amino acids can also enter the free amino acid pool from de
novo synthesis also, however, indispensable amino acids have no or limited de novo
synthesis pathways (Mann and Truswell, 2002). Free amino acids in the blood amino
acid pool are ready to be metabolized.
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At steady state, the flux of amino acids in the blood amino acid pool is
maintained such that the rate of amino acid entry into the pool is equivalent to its rate
of exit. Amino acids exit from the free amino acid pool by protein synthesis,
conversion to other metabolites or by metabolism and subsequent oxidation to CO2
(Mann and Truswell, 2002). Excess amino acids in the blood amino acid pool, which
were not used for protein synthesis or other metabolism, are degraded and then leave
the blood amino acid pool in order to maintain the size of the amino acid pool
relatively constant. The nitrogen from the excess amino acids that are oxidized will
be converted to ammonia and subsequently urea.

Limiting amino acids in equine diet
Animals synthesize protein with a certain ratio of amino acids and the
indispensable amino acid that is provided the most below its requirement is called the
limiting amino acid. The body protein synthesis will occur until rates are maximized
or until the point of exhaustion of the first limiting amino acid, whichever occurs first.
In the case where there is a limiting amino acid, even though the other amino acids
may be adequate or in excess, if not enough of the limiting amino acid has been
consumed then protein synthesis cannot continue to occur.
In a typical equine diet, consisting of grasses and cereal grains, lysine is thought
to be the first limiting amino acid. Previous studies showed that supplementing lysine
to common feedstuffs for horses increased growth rate in young horses (Hintz et al.,
1971; Potter and Huchton, 1975; Ott et al., 1981; Graham et al., 1994). Yearlings fed
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Coastal bermudagrass and a concentrate, consisting of corn, oats, and soybean meal,
with 0.2% of supplemental lysine (total 42 g/d of lysine) showed increased average
daily gain (0.64 ± 0.02 kg/d) and girth gain (10.1 ± 0.46 cm), while the control group
without supplemental lysine (total 37 g/d of lysine) showed 0.57 ± 0.02 kg/d of
weight gain and 9.7 ± 0.49 cm of girth gain (Graham et al., 1994). Also, 0.15% of
lysine supplementation (total 53 g/d of lysine) resulted in higher feed efficiency (15.0
kg feed/gain) compared to the control group (total 46 g/d of lysine; 17.9 kg feed/gain
of feed efficiency; Ott et al., 1981).
Threonine has been suggested to be the second limiting amino acids in a
common equine diet (Graham et al., 1994; Graham-Thiers and Kronfeld, 2005).
Supplementing 0.1% threonine to yearling diets, with 0.2% lysine (total 39 g/d of
threonine and total 45 g/d of lysine), showed greater growth (0.67 kg ± 0.02 kg/d of
body weight gain and 11.3 ± 0.47 cm of girth gain) than the control group with no
supplemented amino acids (total 33 g/d of threonine and total 37 g/d of lysine; 0.57 ±
0.02 kg/d of body weight gain and 9.7 ± 0.49 cm of girth gain; Graham et al., 1994).
However, this treatment also contained higher lysine than the control diet, and thus
the result might be influenced by lysine supplementation. Compared to the treatment
group receiving only additional 0.2% lysine to control diet, threonine
supplementation did not change weight gain, but it increased girth gain (11.3 ± 0.47
cm for both threonine and lysine supplemented group and 10.1 ± 0.46 cm for lysine
only supplemented group; Graham et al., 1994). The increased girth gain suggested
that supplementing threonine might increase the body protein accretion. Also, there
was a suggestion that threonine might be limiting in a weanling horses diet composed
22

of 42:58 ratio of alfalfa hay cube to corn-based concentrate containing a
recommended level of crude protein (9.0% CP) fed to weanlings (Tanner et al., 2014).

Threonine metabolism in animals
Biological role of threonine
Threonine, one of the indispensable amino acids in mammals, needs to be
provided via the animal’s diet. In the body, it is metabolized to serine and glycine
(Figure 2.1), which are important components of collagen, elastin and muscle tissue
(Simic et al., 2002). Threonine has an essential role in protein synthesis. It allows
proteins to fold and function correctly by glycosylation, which is attaching a
carbohydrate to a hydroxyl or other functional group of another molecule (Lodish et
al., 2002). The hydroxyl group of the side chains on threonine is also a possible
phosphorylation site, and phosphorylation on threonine is a key regulatory posttranslational modification, influencing protein shapes and activity (Pawson and Scott,
2005).
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Figure 2.1 Overview of the interaction between threonine, glycine and serine
degradation pathways

Adapted from Hammer et al., (1996), House et al. (2001), Voet and Voet (2010), and
Wang et al. (2013)
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Intestinal secretory glycoprotein synthesis appears to be a major metabolic fate
of dietary amino acids (van der Schoor et al., 2002). It is supported by the previous
research reporting that only less than 20% of intestinal amino acids utilization was
used for constitutive gut growth by the intestinal mucosa in sheep (Benevenga et al.,
1983). Intestinal mucin consists of heavily glycosylated proteins produced by
epithelial cells. In particular, O-linked glycans, which are mucin type glycans, are
attached to the hydroxyl oxygen of threonine and serine (Wilson et al., 1991; Fukuda
and Tsuboi, 1999), and thus threonine seems to be the significant constituent of gut
mucin protein. In pigs, the contribution of amino acids from intestinal mucin to total
amino acids in ileal contents was 28.0 – 33.2% for threonine and 13.3 – 16.3% for
serine while the contributions of the other amino acids from mucin to ileal contents
ranged from1.1 – 7.1% (Lien et al., 1997).

Threonine degradation
Excess amounts of absorbed threonine will be metabolized by the catabolic
pathways to produce CO2, H2O and acetyl-CoA or pyruvate to be used in
gluconeogenesis. Mammals possess several threonine catabolic pathways and these
pathways are linked to the metabolic pathways of several other amino acids (Hammer
et al., 1996; House et al., 2001; Voet and Voet, 2010; Wang et al., 2013; Figure 2.1).
In one of the catabolic pathways, threonine is degraded into glycine, and then it will
be inter-converted to serine. The other threonine degradation pathway creates acetylCoA via an intermediate, α-ketobutyrate (Ballèvre et al., 1991; Le Floc’h et al., 1995;
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Darling et al., 1999), which is also one of the intermediates of methionine catabolic
pathway (Finkelstein, 1990). Due to the linkages of several metabolic pathways of
amino acids, the metabolism of one amino acid metabolism could affect and be
influenced by the metabolism of another amino acid (Voet and Voet, 2010; Wang et
al., 2013).

Factors affecting threonine requirements
Endogenous losses
Goblet cells line the intestinal tract and secrete mucus, which is composed of 95%
of water and 0.5 – 5% glycoprotein, termed as mucin (Lafitte, 2008). In pigs fed a
protein-free diet, mucin secretion was not affected by the intravenous infusion of
either saline or a complete amino acid mixture (Lien et al., 1997), suggesting that
mucin must be secreted even when animals do not receive dietary amino acids, and
the animals will use amino acids from body protein breakdown to support mucin
synthesis if necessary. Mucin proteins were reported to be protected from proteolysis,
while the other amino acids in ileal contents were derived from proteolytic digestion,
suggesting that threonine is the major component of the secretory glycoprotein,
mucins (Lien et al., 1997). The intestine used 52% of total dietary amino acids and 67%
of dietary threonine, and 26% of dietary protein was recycled into the blood amino
acid pool from previously secreted mucin protein (van der Schoor et al., 2002).
However, threonine was not found to be recycled, which means that intestinal mucin
protein synthesis might be a major metabolic fate of threonine (van der Schoor et al.,
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2002). Accordingly, threonine has lower apparent digestibility (31.2 – 62.4%)
compared to apparent digestibilities of the other amino acids (36.0 – 92.3%) in horses
(Almeida et al., 1999), consistent with what has been shown in other mono-gastric
animals (Sauer et al., 1991; Fuller et al., 1994; Hendriks et al., 1996; Myrie et al.,
2008). Therefore, mucin secretion has been suggested as a substantial source of ileal
endogenous threonine losses.

Dietary composition
Dietary fiber content, which is also expressed as anti-nutritive factor, reduces
nutrient digestibility and increases endogenous protein losses by increased intestinal
mucus secretion in other species (Satchithanandam et al., 1990). Because the primary
role of mucin is protecting the intestinal tract from chemical digestion or physical
damage, mucin secretion might be stimulated by dietary fiber contents (Lien et al.,
2001). Accordingly, greater ileal flow of glycoproteins and threonine will be caused
by increasing fiber contents in ileal digesta, and thus the requirement of threonine is
sensitive with fiber composition and quality in animal feeds (Myrie et al., 2008). In
particular, hemicellulose contents in feed resulted in lower nitrogen retention and
apparent ileal threonine digestibility, and greater endogenous loss of threonine in pigs
(Myrie et al., 2008).
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Physiological state
Various physiological states also influence threonine requirements because the
threonine needs in the body might vary for body tissue accretion, conception or
lactation. Threonine requirement was 0.51 g/kg/d in neonatal piglets receiving a
purified diet administered intragastrically (Bertolo et al., 1998), while threonine
requirement ranged from 0.16 – 0.29 g/kg BW/d in growing pigs, and 0.10 – 0.16
g/kg/d in finishing pigs (Ettle et al., 2004). This suggested that there is a greater
threonine requirement for tissue accretion in younger animals.
Due to the increase of fetal weight, fetal protein content and mammary protein
content during gestation (McPherson et al., 2004; Ji et al., 2006), the threonine
requirement in the last third of gestation (d81 – d111; 12.3 g/d) was more than twice
as high compared to requirements during the early periods of gestation (d25 – d55;
5.0 g/d) in sows (Levesque et al., 2011).
In sows, the ideal amino acid pattern is changed by how much body tissue is
mobilized for milk production and mammary tissue accretion (Kim et al., 2001). The
relative amount of dietary threonine to lysine needed for lactating was decreased as
body protein degradation decreased, while the relative amount of the other amino
acids to lysine required for milk production stayed similar or even increased by
decreased body tissue mobilization (Kim et al., 2001). This means that when sows
use more body reserves for lactating, threonine becomes more limiting. Thus, the
requirement of threonine in lactating animals would be higher than animals at
maintenance in order to prevent body protein degradation. Indeed, measured
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threonine requirements for lactating sows (36 – 40 g/d; Copper et al., 2001) confirm
the calculated threonine requirements by adding threonine requirement for the litter
gain to the requirement for maintenance (Pettigrew, 1993).

Methods in evaluating amino acids requirements
Calculations
Factorial approach
The factorial method used to estimate protein and amino acids requirements is
based on the concept that total requirements of protein can be calculated by the sum
of the obligatory protein losses, which determines maintenance protein requirements,
and the protein used for synthesis of new tissues, which is for growth, pregnancy and
lactation.
If animals were adapted to a protein free diet, amino acids from the body protein
would be recycled to maintain protein turnover, which is the rate of protein synthesis
and breakdown, but there would be a limit to the amount of amino acid recycling. In
adult rats, some indispensable amino acids could be conserved when they are adapted
to low protein diet (Said et al., 1974); however, some amino acids from body tissues
would still be degraded. Thus, the ultimate limit of recycling amino acids from body
protein would indicate the obligatory protein losses, and the maintenance
requirement can be determined at that point. Amino acid requirements for the
formation of new tissues would be estimated by measuring the level of tissue
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formation, the composition of that tissue, and the efficiency of amino acid use for
formation of that tissue. Then, the requirements for maintenance and accretion of
new tissues are summed into the total requirements that animals need. In the NRC
(2007) the factorial method is used for evaluating the requirements for growing,
pregnant and lactating horses.
Amino acids composition in the animal tissue
A previous study suggested that if the indispensable amino acid profile in the diet
resembles the ratio of amino acids required for structural and functional purposes in
animals, then less dietary protein consumption is needed to meet the requirement and
the diet can be rated as having a higher biological value of protein (Block and
Bolling, 1944). Applying this concept, it has been suggested that requirements of
amino acids can be estimated based on equine body tissue composition (Bryden,
1991). The requirement of lysine has been estimated in horses (NRC, 2007), and the
amino acid composition of muscle tissue or milk can be measured. With these factors
known, estimates of threonine requirement can be calculated. The lysine requirement
recommended in the NRC (2007) is 54 mg/kg BW/d for the maintenance requirement
in mature horses. With the values of amino acid concentrations in equine muscle
tissue or milk reported in the previous studies, threonine requirements can be
estimated, and the estimates ranged from 27.5 – 33.5 mg/kg BW/d based on muscle
amino acid concentrations (Table 2.4), and from 24.3 – 38.9 mg/kg BW/d based on
milk amino acid concentrations (Table 2.5).
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Table 2.4 Estimated threonine requirement based on the amino acid composition of
equine muscle1, mg/kg BW/d
Estimated threonine
requirement

1

Muscle type

Reference

33.5

Gluteal

Bryden, 1991

29.1

Thigh

Badiani et al., 1997

27.5

Gluteal and gastrocnemius

Wickens et al., 2002

30.8

Average of various muscle

Lorenzo and Paterio, 2013

Lysine requirement used for the estimation was 54 mg/kg BW/d (NRC, 2007).

Table 2.5 Estimated threonine requirement based on the amino acid composition of
equine milk1, mg/kg BW/d
Estimated threonine

Reference

requirement

1

28.6

Bryden, 1991

28.6

Davis et al., 1994a; Mature milk

24.8

Davis et al., 1994b; Intermediate milk

38.9

Wickens et al., 2002

24.3

Tanner et al., 2011; Late lactation

Lysine requirement used for the estimation was 54 mg/kg BW/d (NRC, 2007).
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However, these estimated threonine requirements based on body tissue amino
acid compositions may be too low. Although yearlings were fed coastal bermudagrass
and corn-oats based concentrate providing 102 mg/kg BW/d of threonine, additional
threonine supplementation (total 120 mg/kg BW/d) increased girth gain (Graham et
al., 1994). This suggests that 102 mg/kg BW/d of threonine for yearlings was still
lower than the actual requirement, and thus the estimated threonine requirements
based on milk amino acid concentrations, 49.5 – 60.1 mg/kg BW/d (Bryden, 1991;
Wickens et al., 2002), might be still far below the actual requirement. The reason
might be that up to 60% of dietary threonine is used up in the intestinal tract in other
non-ruminants (Bertolo et al., 1998; Stoll et al., 1998) and threonine is considerably
incorporated into intestinal mucin protein (Lien et al., 1997). Thus amino acid
compositions in body tissues may not be adequately representative of body threonine
use to estimate threonine requirement. Body composition estimates do not take into
account amino acid digestibility or metabolism in the animal’s body.

Dose-response feeding trials
To measure nutrient requirements using a dose-response approach, at least 4, or
ideally 6 or more, levels of test nutrient intake are required (Baker, 1986). The levels
of the test nutrient in the treatments should be both below and above the actual
nutrient requirement. Feeding the graded levels of the test nutrient, one or more
indicators, such as growth rate and body protein retention, can be measured to
estimate requirements of the nutrient. Measured parameters would show a certain
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response in the indexes of health when test nutrient intake is increased towards the
requirement and then a breakpoint in the response will be seen once the intake level
meets the actual requirement. Above the upper limits of the animal’s requirement,
which is not toxic for animal’s body but might be wasteful, the excess amount of the
test nutrient may result in toxicity, decreasing indexes of health (Figure 2.2).

Figure 2.2 Health index curve relative to test nutrient intake levels below and above
the requirement

By understanding amino acid metabolism in an animal’s body, it can be decided
which indicator to measure and read the meaning of patterns shown by the indicator.
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Dietary protein will be either digested and absorbed in the small intestine to the blood,
or passed to the large intestine for microbial fermentation. The absorbed amino acids
entering the blood amino acid pool will be used for protein synthesis or converted to
other metabolites. The excess amount of amino acids, which were not used in the
body, will be catabolized. Nitrogen from excess amino acids will be converted to
urea for excretion and carbon skeletal backbones will be either used for
gluconeogenesis or oxidized to CO2 to be excreted. Nitrogen excretion will appear in
feces, urine or endogenous losses, and carbons from amino acid catabolism will exit
the body via expiration.
Therefore, generally, the amino acid requirement has been determined by
measuring indicators, such as growth rate, nitrogen balance, blood amino acid
concentrations, blood urea concentrations, and amino acid oxidation rate. In Figure
2.3, the curves of indicator response to intake levels of a test amino acid are shown.
However, based on data from humans, estimated amino acid requirements from
different indicators might not be the same (Table 2.6). Also, measuring a specific
indicator might not be appropriate for every different situation, or an indicator might
not represent the requirement properly by itself. There are pros and cons
corresponding to each of the various indicators that can be measured.
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Figure 2.3 Curves of an indicator response to test nutrient intake levels below and
above the requirement

Adapted from (Pencharz and Ball, 2003) and Tanner (2014)
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Table 2.6 Estimated indispensable amino acid in adult human using different
methods1, mg/kg BW/d
Nitrogen
Balance

Plasma amino
acid
concentration

Histidine

8 – 12

-

-

-

Isoleucine

10

-

-

-

Leucine

14

30

27

-

Lysine

12

32

35

36

Methionine + cysteine

13

-

-

-

Phenylalanine
tyrosine

14

30

30

-

Threonine

7

15

15

-

Tryptophan

3.5

3

-

20

17

Valine
1

+

10

Adapted from Zello et al. (1995)
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Direct amino
acid
oxidation

Indicator amino
acid oxidation

4.3
-

Growth rate
In a previous study, the effect of amino acid consumption on body protein
deposition was evaluated to estimate amino acid requirements for normal growth in
infants (Beach et al., 1941). This study was the first approach to estimate amino acid
needs by measuring the growth rate. In growing animals, measuring growth
indicators can be used to determine amino acid requirements by estimating an
optimum level of test amino acid for maximizing growth, through increased body
protein synthesis.
Growth rate will be increased with test amino acid intake before the intake level
reaches the actual requirement, and once the consumption meets the requirement,
growth rate will not be increased any further. Measuring growth rate is one of the
most non-invasive methods for studying amino acid requirements, and growth rate in
horses can be measured with various response variables, such as body weight, height
and girth circumference. However, the limitation of this method is that it is not
possible to measure growth rate in mature animals and may be infeasible in animals
with slow growth rates. Also, it is debatable whether or not faster growth rate in
growing horses indicates desirable growth.
Nitrogen balance
The principle of nitrogen balance method for evaluating amino acid requirements
is based on this formula:
Nitrogen retention = Nitrogen intake – Nitrogen excretion.
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The difference between the intake of nitrogen and the amount excreted in feces,
urine, and through minor losses by other body metabolism would represent nitrogen
retention. Several levels of the test amino acid are fed to animals, and feed intake,
fecal excretion and urinary excretion are measured. Then nitrogen intake, digestibility,
and excretion can be estimated, and with these values, nitrogen utilization is
evaluated. The zero balance point of nitrogen, representing nitrogen equilibrium,
indicates the maintenance requirement for mature animals, and the maximized
positive balance represents nitrogen utilized for growth, conception or milk yield in
animals.
There are some difficulties associated with conducting a nitrogen balance study
such as measuring feed intake and collecting feces and urine for estimating intake
and output of nitrogen, and counting other routes of nitrogen losses (Hegsted, 1976).
The adaptation time required for achieving a new nitrogen balance responding to a
nitrogen intake level of each treatment might take about 7 d in human (Rand et al.,
1976), and longer time taken for adaptation can limit application of the method. Also,
in vivo digestibility trails in horses have some limitations comparing to swine and
ruminants studies because of high costs associated with the number of required
animals and labor, and difficulty of confining horses in a limited space to collect
feces and urine (Ellis and Hill, 2005).
Blood amino acid concentrations
Digested and absorbed dietary amino acids will enter the blood amino acid pool
and amino acids for body protein synthesis will be derived from that pool. Therefore,
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when graded levels of a limiting amino acid are fed, the blood concentration of that
amino acid will be minimal before the intake meets the actual requirements, and it
will be increased by the increasing levels of consumption once the intake meets the
requirement. In a previous study, 4 levels of lysine intake were tested in mature
Thoroughbred horses and plasma lysine concentrations were measured to evaluate
lysine requirements, and a break point in plasma lysine concentration indicating its
requirement was obtained at 0.47% of diet (72 mg/kg BW/d; Ohta et al., 2007). This
estimate is higher than the recommended lysine requirement, 54 mg/kg BW/d, in the
NRC (2007). This might be due to the other factors affecting blood amino acid
concentrations. Amino acid concentrations in the blood are also influenced by time
after feed intakes (Hackl et al., 2006) or the health of the subjects (McMenamy et al.,
1957). Thus, measuring blood amino acid concentration might not be the optimal
method for determining amino acid requirement, even though this is a relatively noninvasive method.
Blood urea concentrations
Excessive amounts of amino acids in the blood amino acid pool, which cannot be
used for protein synthesis, will be degraded, and in this process, nitrogen in amino
acids will be converted into ammonia and then subsequently to urea for excretion.
Therefore, blood urea nitrogen concentration is increased in order to excrete excess
nitrogen when protein intake is excessive (Taylor et al., 1974). When graded levels of
a test amino acid are fed, the pattern of plasma urea concentrations will keep
decreasing before the intake levels meet the actual requirement, as more protein can
be synthesized and therefore there are fewer amino acids to catabolize. At the actual
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requirement, plasma urea concentration will reach the minimum rate, and it will
increase moderately after the intake levels exceed the requirement because excess
amount of the test amino acid will not be used further for the body protein synthesis
and will need to be degraded. However, blood urea nitrogen concentrations alone do
not seem to be sensitive enough as an indicator for evaluating amino acid
requirements (Pencharz and Ball, 2003). Because blood urea nitrogen concentrations
are affected by not only body protein synthesis but also feed consumption (Eggum,
1970) or exercise (Lemon and Mullin 1980; Rennie et al., 1981), this parameter only
indirectly represents dietary amino acid utilization.

Isotope methods
The recommended protein and lysine requirements in the NRC (2007) were
extrapolated from nitrogen balance studies. However, using isotopic tracers for
evaluating amino acid requirements, a relatively new methodology, has been
suggested to be more sensitive than the nitrogen balance approach. There are two key
ways to apply isotope tracers to evaluate amino acid metabolism in the body:
measuring direct or indicator amino acid oxidation. Infusion of amino acid tracers or
ingestion of single amino acid-labeled or uniformly labeled protein is conducted to
evaluate protein or amino acid metabolism (Bos et al., 2002). The principle of the
isotope method for evaluating amino acid metabolism is that the excess amino acids,
which were not used for protein synthesis or other metabolite production, will be
degraded, and the carbon backbone part will be oxidized to CO2 during the amino
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acid catabolism (Pencharz and Ball, 2003). Therefore, administration of a tracer
labeled with isotopic carbon will produce labeled carbon dioxide in the exhaled
breath such as

13

CO2 or

14

CO2, for stable labeled isotope tracers and radioactive

isotope tracers, respectively, and the labeled carbon dioxide production rate will
depend on the use of the test amino acid by the body.
An advantage of isotope method is that a relatively short adaptation time between
each level of test amino acid intake is needed to change the profile of blood amino
acid pool (Pencharz and Ball, 2003). Plasma amino acid concentrations reflect
changed dietary amino acid concentrations in treatments within 1 day in horses (Ohta
et al., 2007). In pigs, regardless of age, adaptation time (1, 2, 5, 6, 9, and 10 d) to
various levels of amino acids intake, 50, 100, and 200% of the NRC (1998)
requirement level, had no effect on obtaining a plateau in the isotope amino acid
indicator oxidation (Moehn et al., 2004). The shorter adaptation time makes it
possible to conduct studies in a shorter period, and therefore, reduces effect of the
within subject variation caused as time passes, in case of such as a study with
pregnant or lactating animals. Furthermore, the isotope technique enables the
estimation of whole-body protein metabolism because the measured variable, labeled
carbon dioxide enrichment in exhalation, represents the use of amino acids in the
body, not just digested or absorbed amino acids. Also, the minimally invasive isotope
technique enables the application of isotope method to vulnerable subjects such as
children, pregnant women, and nursing mothers (Bross et al., 1998).
However, there are still some issues associated with isotope studies for
evaluating amino acid requirements (Bos et al., 2002). Intestinal amino acid
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endogenous loss and microbial amino acid synthesis might alter amino acid
requirements, but their contribution on the requirements cannot be estimated
separately by the isotope method. Moreover, changed protein intake level induced by
the experimental purpose might alter body protein turnover and recycling of
endogenous amino acid, and thus it should be considered for estimating amino acid
requirements more accurately.
Direct amino acid oxidation method
With the direct amino acid oxidation technique for evaluating amino acid
requirements, the test amino acid is also administered in isotopic form. The oxidation
rate of test amino acid will stay minimal and constant before the test amino acid
meets the actual requirement. Because further increase of test amino acid
consumption will not result in more protein or metabolite synthesis, the test amino
acid oxidation rate will increase as the test amino acid intake increases above the
requirement. There are some limitations for using this method for measuring amino
acid requirements. A test amino acid to be studied for evaluating its requirement
should directly release its carboxyl group to the bicarbonate pool, so the labeled
carbon can be excreted in breath CO2. Therefore, the direct amino acid oxidation
method can be applied for studying metabolism of the branched chain amino acids,
phenylalanine, and lysine, while other amino acids, such as threonine, cannot be
studied in this method (Zhao et al., 1986). Also, the minimum intake of the test
amino acid depends on the level of isotopic amino acid needed to obtain detectable
labeled CO2 enrichment in breath, because the test amino acid is the same as the
isotopic amino acid (Pencharz and Ball, 2003).
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Indicator amino acid oxidation method
To determine the requirement of threonine and other amino acids, the indicator
amino acid oxidation method has been successfully used with swine (Bertolo et al.,
1998; Levesque et al., 2011) and in humans (Wilson et al., 2000; Chapman et al.,
2009). Also, this method is validated to be used in horses for studying protein
metabolism and amino acid requirements (Urschel et al., 2012). An adaptation period
to the experimental diet is followed by a constant infusion of an isotope of the
indicator amino acid, an indispensable amino acid which is not the same as the test
amino acid and is not metabolically related to the test amino acid, and sampling of
breath and blood occurs throughout the infusion period. Once the test amino acid is
provided at or above the actual requirement, the indicator amino acid would be used
at a constant and maximum rate for body protein synthesis. Therefore, the oxidation
rate of the indicator amino acid would be also consistent and minimal. This method is
highly promising to determine the threonine requirement of horses because it was
proven to be successful to use for determining amino acid requirements, identifying
limiting amino acids, and estimating the metabolic availabilities of amino acid in the
previous studies in horses (Urschel et al., 2012; Tanner et al., 2014) and other species
(Moehn et al., 2005; Brunton et al., 2007; Humayun et al., 2007).
Phenylalanine degradation
Phenylalanine has been commonly used as an indicator amino acid in indicator
amino acid oxidation studies because it directly releases the carboxyl group to the
bicarbonate pool, so the labeled carbon can appear in exhaled air. The first step of
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phenylalanine degradation is hydroxylation to tyrosine, and then this catabolic
pathway shares the same degradation steps with tyrosine (Moss and Schoenheimer,
1940). The next step is transamination of tyrosine with α-ketoglutarate to glutamate
and ketoacid of tyrosine, p-hydroxyphenylpyruvate. Then p-hydroxyphenylpyruvate
is decarboxylated to homogentisate releasing the CO2. Afterwards, the phenyl ring is
opened up and finally fumarate and acetoacetate is formed (Matthews, 2007). The
overview of phenylalanine degradation pathway is described in Figure 2.4.
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Figure 2.4 Overview of the phenylalanine degradation pathway

Adapted from Matthews (2007)
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Conclusion
Evaluating the threonine requirement in horses will enable better feed
formulation, resulting in improved animal health and reduced environmental
pollution. Although the current knowledge of protein and amino acid requirements in
horses is still lacking, the indicator amino acid method has been developed and
validated as an appropriate tool for studying whole-body protein metabolism and
amino acid requirements. Because the indicator amino acid oxidation method
accounts for digestibility and metabolism in the body, applying this method will
increase accuracy in estimated amino acid requirements and, consequently,
practicality in feed formulation.
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Chapter 3. Rationale and objectives of the thesis research
Adequate amounts of fiber sources need to be fed to horses to maintain a healthy
digestive system (Murray and Schusser, 1989; Tinker et al., 1997 Medina et al.,
2002), and the minimum amount of forage required in horses has been suggested to
be 1% of body weight per day (NRC, 2007). However, appropriate forage
composition in an equine diet depends on the type of horses. For example, racehorses
need higher energy for exercising but also minimal gut fill; therefore, they need a
minimum amount of forage in their diets and adequate amounts of concentrate to
meet the energy requirement. On the other hand, a forage-only diet can provide
horses at maintenance enough energy to meet the recommendations of the NRC
(2007).
Because the forage composition of a horse’s diet can vary between horses,
nutrient requirements might need to be determined under various ratios of forage to
concentrate to increase accuracy and practicality in feed formulation. Despite the
importance of knowing indispensable amino acid requirements to formulate
appropriate diets, there is still a lack of knowledge of these requirements in horses.
Threonine, especially, is suggested to be the second limiting amino acids in common
horse diets (Graham et al., 1994; Graham-Thiers and Kronfeld, 2005), but its
requirement has not been directly measured. Because in other species, protein
digestibility is decreased by increased fiber contents in feed (Zhang et al., 2013), and
dietary fiber stimulates secretion of intestinal mucin (Lien et al., 2001), which is
composed of a significant amount of threonine, the hypothesis of this thesis research
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was that threonine requirements would be increased when horses received a high
forage diet, compared to a high concentrate diet.
The indicator amino acid oxidation method used in this thesis research has been
developed and successfully used in horses for studying amino acids metabolism in
horses (Urschel et al., 2012; Tanner et al., 2014). This method is sensitive enough to
detect differences in amino acid utilization in the body with a fewer number of
observations per treatment (Kriengsinyos et al., 2002), and the estimated amino acid
utilization by using this method accounts for digestibility as well as uses in the body.
The objective of the study in Chapter 4 was evaluating threonine requirements in
mature horses fed 1:1 ratio of forage to concentrates using the indicator amino acid
oxidation methods. In the case of racehorses, higher energy is required, and at the
same time, the horses need to reduce gut fill as much as possible. The experimental
animals received the minimal amount of forage, 0.95% of body weight, and the same
amount of concentrate to provide sufficient energy.
In Chapter 5, threonine requirements were studied using the indicator amino acid
oxidation method while horses were fed a 4:1 ratio of forage to concentrate. Because
horses are a herbivorous species, which means their digestive system evolved to
utilize plant materials as nutrient sources, mature horses at maintenance can obtain
sufficient energy intake with high forage diets.
The experimental diets were formulated prior to the start of studies in both
chapters and all samples were analyzed at the termination of both studies. It was
hypothesized that the higher forage composition in the diet used in Chapter 5 would
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increase threonine requirements in horses compared with horses fed a 1:1 ratio of
forage to concentrate in Chapter 4.
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Chapter 4. Threonine requirements in horses fed a high concentrate diet

I.

Introduction
In order to improve the efficiency of dietary amino acid use, it is important to
provide an appropriate amount and profile of amino acids in the diet. Body
protein synthesis in animals requires a certain ratio of amino acids, and therefore
if the diet amino acid profile is similar to the body amino acids needs, body
protein will be synthesized more efficiently. However, the requirements for most
amino acids have not been quantified in horses and crude protein is
conventionally overfed to horses, with estimation of 157% of NRC
recommendation of crude protein being fed to horses in practical horse farms
(NRC, 2007). However, this feeding strategy could result in greater nitrogen
excretion (Olsman et al., 2003), causing environmental pollution (Powers et al.,
2007). Also, greater nitrogen consumption increases the risk of deterioration in
health, growth and exercise performance in animals and humans (Hultman et al.,
1985; Kerr et al., 2003; Connysson et al., 2006; Delimaris, 2013). The
determination of the individual indispensable amino acid requirements in horses is
an area where additional research is required.
Threonine is considered to be the second limiting amino acid in typical
equine diets; however, the requirement for threonine in horses has not been
quantified. Based on the amino acid composition in equine body tissue and the
lysine requirements provided by the NRC (2007), 54 mg/kg BW/d, threonine
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requirements were calculated to range from 24.3 – 38.9 mg/kg BW/d (Bryden,
1991; Lorenzo and Pateiro, 2013). However, the estimated threonine requirements
range may be lower than the actual requirements. In yearlings (estimated
threonine required of 49.5 – 60.1 mg/kg BW/d; Bryden, 1991; Wickens et al.,
2002), feeding additional threonine to a control diet providing 94 mg/kg BW/d of
threonine (total 113 mg/kg BW/d) still increased girth gain (Graham et al., 1994),
which suggested that additional threonine consumption improved body protein
synthesis because it did not reach the actual requirement at the level of 94 mg/kg
BW/d. A possible reason why the estimates may be lower than the actual
requirement is that amino acid digestibility or uses by the body may not be
accounted for by the value estimated using muscle amino acid composition.
Threonine digestibility ranged from 31.2 – 62.4% in foals fed a 1:1 ratio of forage
to concentrates with different levels of soybean meal (Almeida et al., 1999). In
addition, threonine is used for glycosylation and mucin type glycans are attached
to the hydroxyl oxygen of threonine (Wilson et al., 1991; Fukuda and Tsuboi,
1999). Threonine is considered to be a major constituent of mucin protein (Lien et
al., 1997), which is abundant in the gastrointestinal epithelium as the protective
covering of mucus. Because mucin needs to be produced whether animals are
provided with dietary amino acids or not, mucin protein synthesis is one of the
sources of threonine endogenous losses that is always present (Lien et al., 1997).
Moreover, the ratio of threonine to lysine in mucin (approximately 15:1; Lien et
al., 1997) is greater than in body tissue protein which is the amino acid profile
used to estimate threonine requirements (approximately 1:2; Bryden, 1991).
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Therefore, without taking account of threonine digestibility or uses in the animal’s
body, threonine requirements may be significantly underestimated, and thus the
direct measurement of threonine requirements needs to be conducted to improve
equine diet formulation.
The minimum amount of forage, roughage or pasture, to feed horses is 1% of
body weight per day (NRC, 2007), and racehorses might be fed a 1:1 ratio of
forage to concentrates to meet their energy requirements by providing minimal
amount of forage to reduce gut filling. Also, greater nitrogen excretion in feces
and urine might be more critical on racehorses than the other types of horses
because they stay in stalls most of the time. Greater ammonia and urea excreted in
feces and urine caused by unbalanced amino acid concentrations in feed will
produce noxious ammonia gas, which might cause respiratory diseases (Pickrell,
1991), and it might reduce the athletic performance. Thus, reducing nitrogen
excretion by providing adequate amino acids profile in feed is important for a
specific forage to concentrate ratio. Furthermore, forage and concentrates have
different pre-cecal nitrogen digestibility (Gibbs et al., 1988; Farley et al., 1995).
Therefore, it is necessary to assess indispensable amino acids requirements in
horses at different forage to concentrate ratios.
The objective of the study was to evaluate threonine requirement in mature
horses fed a 1:1 ratio of forage to concentrate using the indicator amino acid
oxidation method. The indicator amino acid oxidation method used for measuring
amino acid requirements is based on a concept that excess amounts of amino
acids entering the blood amino acid pool, these which were not used for protein
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synthesis, will be oxidized to be excreted from the body. The indicator amino acid,
phenylalanine, which is not a limiting amino acid, is administrated in isotopic
form and various levels of test amino acid, threonine, is provided to animals. The
oxidation rate of indicator amino acid will be measured to determine the
requirements of test amino acid. The hypothesis was that if the range of threonine
intake levels provided contained the actual threonine requirement, isotope
phenylalanine oxidation rate would reach the minimum at that point of the
threonine requirement and the oxidation rate would be then constant, regardless of
further increases in threonine consumption.

II.

Materials and methods
All procedures for the present experiment were reviewed and approved by the
University of Kentucky Institutional Animal Care and Use Committee.

Animals, housing, and feeding
Six Thoroughbred mares (9.7 ± 4.2 years old and 580.1 ± 47.2 kg) were
obtained from the University of Kentucky’s Maine Chance Farm and used to
evaluate threonine requirements in mature horses. During the initial 2 weeks of
adaptation prior to the experiment, the animals were adapted to stalls, chopped
hay and handling procedures. The animals were fed in individual sawdust bedded
stalls (3.7 m × 3.7 m). During the 5-d adaptation period to each treatment of each
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experimental period, the horses were turned out in grass paddocks with grazing
muzzles during the day and stayed in stalls overnight to allow enough time to
consume all daily feed allowances. On sampling days, d 6 and d 7, the mares
remained in stalls during sample collection procedures. Body weights were
measured on d 6 of each period with a livestock scale (TI-500, Transcell
Technology Inc., Buffalo Grove, IL).

Diets and ingredients
The experimental diets were formulated to meet or exceed the estimated
requirements for all nutrients with the exception of threonine (NRC, 2007). The
daily meal provided chopped timothy hay (Hi Fiber Gold, Lucerne Farms, Fort
Fairfield, ME) at 0.95% of body weight and concentrate (Table 4.1 and 4.2) at
0.95% of body weight. The nutrient compositions of the chopped hay and
concentrates are given in Table 4.3. Horses were fed half of their daily allowance
twice daily, at 07:30 and 15:00 h. The two experimental concentrates were a low
threonine concentrate and a high threonine concentrate, designed to contain 2.9
and 14.8 g/kg of diet, respectively. Additional crystalline glutamate was added to
the low threonine concentrate to make both concentrates isonitrogenous. The two
experimental concentrates were isocaloric and composed of similar grains.
Threonine intakes for the 6 treatments (Baker, 1986) were targeted to be 48, 64,
80, 96, 112 and 128 mg/kg BW/d and were generated by mixing the experimental
concentrates in different ratios (Table 4.4). The lowest level of threonine intake
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was prepared to be as low as possible based on the lowest threonine containing
forage that could be sourced in combination with the lowest threonine containing
concentrate that could be feasibly formulated by a commercial feed manufacturer
(Buckeye Nutrition; Dalton, OH) and still have the overall diets meet the
requirements for energy, crude protein and lysine. Although it was recognized that
these levels of threonine intake were all above the threonine requirement
estimated based on muscle composition, the present study proceeded with these
levels of intake for two reasons. First, these were diets that contained typically
used feed ingredients for horses, and so if even the lowest level of intake that
could be feasibly studied was still greater than the requirement, that would
provide more concrete evidence that threonine was perhaps not an amino acid to
be as concerned about in diet formulation as long as the crude protein and lysine
requirements were met. Second, based on the available literature from other nonruminant species, the muscle threonine to lysine ratio might be an underestimate
of true threonine requirements due to the extensive extraction and use of threonine
by the gastrointestinal tract. Feed samples were collected on d 7 of each period
and sent to Dairy One Cooperative Inc. (Ithaca, NY) for proximate analysis. The
amino acids composition of the ingredients was determined as described below, in
the sample analyses section.
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Table 4.1 Composition of low threonine concentrate1, as-fed basis, %
Ingredient
Soy hulls

37.36

Ground corn

15.98

Oat mill byproduct

12.45

Corn distiller dried grains

11.74

Wheat middling

11.43

Soybean oil

1.18
2

L-Glutamate

2.30

L-Lysine HCl, 98%

0.49

Monocalcium phosphate, 21%

2.08

Calcium carbonate

1.90

Salt

0.76
3

0.27

Dynamate

Magnesium oxide, 56%
Selenium premix

0.22

4

0.005

5

Copper sulfate

0.003
6

Vitamin E Acetate, 50%

0.41

Choline, 60%

0.005

1

Formulated specifically for this study, Buckeye Nutrition, Dalton, OH
Added to ensure the low threonine concentrate was isonitrogenous with the high threonine
concentrate (Table 4.2)
3
Contains 180 g of potassium, 110 g of magnesium, and 220 g of sulfur /kg, Mosaic Feed
Ingredients, South Riverview, FL
4
Contains calcium carbonate, sodium selenite, crystalline quartz silica, Prince Agri Products, Inc.,
Quincy, IL
5
Contains 90-100% Copper (II) sulfate pentahydrate and 0-10% Copper sulfate trihydrate
6
Contains vitamin E at 44,092 IU/kg; 45 – 55% of dl-a-tocopherol acetate, 40 – 50% of gelatin
and <5% silicic acid, Roche Holding AG, Basel, Switzerland
Proprietary vitamin/mineral premix, 0.04% of diet on an as fed basis; contains magnesium oxide,
sodium bentonite, zinc sulfate, iron sulfate, copper sulfate, manganese sulfate, zinc, choline
chloride, DL-methionine, copper, selenium PX, manganese, L-lysine HCl, iron, mineral oil,
selenium yeast 3000, organic iodine EDDI, and vitamin C monophosphate; Buckeye Nutrition,
Dalton, OH; manufactured, Trouw Nutrition, Highland, IL
Proprietary trace mineral premix; 0.03% of diet on an as fed basis; contains ferrous sulfate,
ferrous carbonate, iron oxide, manganese sulfate, manganous oxide, chromium tripicolinate,
copper sulfate, copper carbonate, tribasic copper chloride, copper oxide, zinc oxide, zinc sulfate,
zinc methionine complex, calcium iodate, potassium iodide, EDDI, pentacalcium orthoperiodate,
cobalt carbonate, cobalt sulfate, sodium selenite, sodium molydbate, sodium sulfate, sodium
bicarbonate, sodium chloride, sulfur, potassium sulfate, potassium chloride, potassium
magnesium sulfate, magnesium sulfate, magnesium oxide, calcium sulfate, calcium carbonate,
tricalcium phosphate, dicalcium phosphate, monoammonium phosphate, monosodium phosphate,
ammonium chloride, ammonium sulfate, clay, bentonite, calcium stearate, sodium aluminosilicate,
precipitate amorphous hydrated silicon dioxide, mineral oil, natural flavors and artificial flavors;
Buckeye Nutrition, Dalton, OH; manufactured, Trouw Nutrition, Highland, IL
2
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Table 4.2 Composition of high threonine concentrate1, as-fed basis, %
Ingredient
Soy hulls

37.36

Ground corn

15.98

Oat mill byproduct

12.45

Corn distiller dried grains

11.77

Wheat middling

11.44

Soybean oil

1.18

Beet pulp

0.40

L-Threonine, 99%

1.80

L-Lysine HCl, 98%

0.49

Monocalcium phosphate, 21%

2.08

Calcium carbonate

1.89

Salt

0.75
2

0.26

Dynamate

Magnesium oxide, 56%
Selenium premix

0.22

3

0.004

4

Copper sulfate

0.003
5

Vitamin E Acetate, 50%

0.41

Choline, 60%

0.005

1

Formulated specifically for this study, Buckeye Nutrition, Dalton, OH
Contains 180 g of potassium, 110 g of magnesium, and 220 g of sulfur /kg, Mosaic Feed
Ingredients, South Riverview, FL
3
Contains calcium carbonate, sodium Selenite, crystalline quartz silica, Prince Agri Products, Inc.,
Quincy, IL
4
Contains 90-100% Copper (II) sulfate pentahydrate and 0-10% Copper sulfate trihydrate
5
Contains vitamin E at 44,092 IU/kg; 45 – 55% of dl-a-tocopherol acetate, 40 – 50% of gelatin
and <5% silicic acid, Roche Holding AG, Basel, Switzerland
Proprietary vitamin/mineral premix, 0.04% of diet on an as fed basis; contains magnesium oxide,
sodium bentonite, zinc sulfate, iron sulfate, copper sulfate, manganese sulfate, zinc, choline
chloride, DL-methionine, copper, selenium PX, manganese, L-lysine HCl, iron, mineral oil,
selenium yeast 3000, organic iodine EDDI, and vitamin C monophosphate; Buckeye Nutrition,
Dalton, OH; manufactured, Trouw Nutrition, Highland, IL
Proprietary trace mineral premix; 0.03% of diet on an as fed basis; contains ferrous sulfate,
ferrous carbonate, iron oxide, manganese sulfate, manganous oxide, chromium tripicolinate,
copper sulfate, copper carbonate, tribasic copper chloride, copper oxide, zinc oxide, zinc sulfate,
zinc methionine complex, calcium iodate, potassium iodide, EDDI, pentacalcium orthoperiodate,
cobalt carbonate, cobalt sulfate, sodium selenite, sodium molydbate, sodium sulfate, sodium
bicarbonate, sodium chloride, sulfur, potassium sulfate, potassium chloride, potassium
magnesium sulfate, magnesium sulfate, magnesium oxide, calcium sulfate, calcium carbonate,
tricalcium phosphate, dicalcium phosphate, monoammonium phosphate, monosodium phosphate,
ammonium chloride, ammonium sulfate, clay, bentonite, calcium stearate, sodium aluminosilicate,
precipitate amorphous hydrated silicon dioxide, mineral oil, natural flavors and artificial flavors;
Buckeye Nutrition, Dalton, OH; manufactured, Trouw Nutrition, Highland, IL
2
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Table 4.3 Nutrient composition of the feeds used for generating the treatments with
6 levels of threonine intake1, as-fed basis
Chopped hay,
timothy2

Low threonine
concentrate3

High threonine
concentrate3

6.7 ± 0.1

9.6 ± 1.1

9.6 ± 0.6

Dry matter, %

93.3 ± 0.0

90.4 ± 1.1

90.4 ± 0.6

DE, Mcal/kg

2.0 ± 0.0

3.3 ± 0.0

3.3 ± 0.0

Crude protein, %

7.1 ± 0.4

12.6 ± 0.3

12.2 ± 0.2

Acid detergent fiber, %

38.3 ± 1.0

24.2 ± 0.8

26.0 ± 1.3

Neutral detergent fiber, %

57.7 ± 1.1

38.9 ± 2.5

40.7 ± 0.3

Calcium, %

0.3 ± 0.0

1.3 ± 0.1

1.3 ± 0.0

Phosphorus, %

0.3 ± 0.0

0.7 ± 0.1

0.7 ± 0.0

350.7 ± 12.6

352.0 ± 15.1

90.0 ± 7.8

85.3 ± 3.5

Overall nutrient composition
Moisture, %

a

Iron, mg/kg

NA

Zinc, mg/kg

NA

Amino acid composition, %
Alanine

0.28 ± 0.06

0.44 ± 0.04

0.46 ± 0.02

Arginine

0.25 ± 0.06

0.46 ± 0.04

0.49 ± 0.02

Aspartate + Asparagine

0.52 ± 0.18

0.53 ± 0.07

0.53 ± 0.04

Glutamate + Glutamine

0.54 ± 0.12

2.89 ± 0.34

1.37 ± 0.07

Glycine

0.22 ± 0.04

0.43 ± 0.03

0.43 ± 0.01

Histidine

0.11 ± 0.04

0.23 ± 0.02

0.24 ± 0.01

Isoleucine

0.23 ± 0.05

0.31 ± 0.03

0.34 ± 0.03

Leucine

0.38 ± 0.08

0.74 ± 0.06

0.75 ± 0.03

Lysine

0.19 ± 0.06

0.64 ± 0.05

0.64 ± 0.06

Methionine

0.16 ± 0.04

0.27 ± 0.05

0.26 ± 0.04

Phenylalanine

0.24 ± 0.05

0.36 ± 0.03

0.38 ± 0.02

Proline

0.32 ± 0.08

0.57 ± 0.05

0.57 ± 0.02

Serine

0.18 ± 0.08

0.41 ± 0.04

0.36 ± 0.06

Threonine

0.19 ± 0.05

0.29 ± 0.02

1.48 ± 0.17

Tyrosine

0.13 ± 0.04

0.31 ± 0.03

0.33 ± 0.02

Valine

0.30 ± 0.06

0.40 ± 0.04

0.43 ± 0.03

1

Values are average ± standard deviation, n=3 (overall nutrient composition); n=10 (amino acid
composition)
2
Hi Fiber Gold, Lucerne Farms, Fort Fairfield, ME
3
Formulated specifically for this study (Table 4.1 and Table 4.2), Buckeye Nutrition, Dalton, OH
a
Not analyzed
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Table 4.4 Feed composition for generating 6 levels of dietary threonine in a high
concentrate diet, % of BW/d
Threonine intake, mg/kg
BW/d

Chopped hay,
timothy1

Low threonine
concentrate2

High threonine
concentrate3

Targeted

Analyzed

48

45

0.95

0.95

0.00

64

56

0.95

0.86

0.10

80

67

0.95

0.76

0.19

96

79

0.95

0.66

0.28

112

90

0.95

0.57

0.38

128

102

0.95

0.48

0.48

1

Threonine concentration was 1.9 g/kg; Hi Fiber Gold, Lucerne Farms, Fort Fairfield, ME
(Table 4.3).
2
Threonine concentration was 2.9 g/kg; Formulated specifically for this study, Buckeye
Nutrition, Dalton, OH (Table 4.1 and 4.3).
3
Threonine concentration was 14.8 g/kg; Formulated specifically for this study, Buckeye
Nutrition, Dalton, OH (Table 4.2 and 4.3).
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Study design and procedures
After 2 weeks of adaptation to the experimental diet composition, each mare
was studied while receiving each of the 6 treatments, in a randomly determined
order. Each treatment period lasted 7d: adaptation from d1 – d5 and sampling on
d6 and d7.
On d 6, blood samples were collected via jugular venipuncture before (pre-)
and 60, 90, 120, 150, 180 and 240 min after the 7:30 h feeding to measure the
effect of the threonine intake on plasma amino acid, urea, glucose, and insulin
concentrations, as described below.
Horses underwent the indicator amino acid oxidation procedures on d 7.
Catheters were placed into one jugular vein for intravenous [13C]sodium
bicarbonate infusion and blood sampling (Urschel et al., 2012). To maintain the
experimental animals in a stable, fed state, 1/48 of daily feed was fed to horses
every 30 min and feeding was started 90 min prior to the procedures (Möhn et al.,
2003). Whole-body CO2 production was measured by a 2 hour primed (5.5
μmol/kg BW), constant intravenous infusion of [13C]sodium bicarbonate (4.8
μmol/kg BW/h; Coggan et al., 1993). The constant dose of isotope sodium
bicarbonate solution was infused by cordless infusion pumps (J-1097 VetPro
Infusion Pump, Jorgensen Laboratories Inc.), attached to a surcingle worn by the
horses. Immediately after, a 4 hour primed (10 μmol/kg BW), constant oral
administration of [1-13C]phenylalanine (7 μmol/kg BW/h) was conducted to
measure plasma phenylalanine flux and phenylalanine oxidation rate. The
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constant dose of the isotopic phenylalanine solution was top-dressed on the feed
every 30 min. Breath samples were collected 30 min and 15 min prior to the
intravenous [13C]sodium bicarbonate infusion and then every 30 min until the end
of the oral administration of [1-13C]phenylalanine. Two baseline blood samples
were taken 30 min and 15 min prior to the [13C]sodium bicarbonate infusion and
then blood sampling was conducted every 30 min during [1-13C]phenylalanine
administration. The prime to constant infusion rates for both isotopes were
previously validated by Urschel et al. (2012).
Catheters were removed after the last blood sample was collected and the
animals were assigned to the next treatment at their afternoon meal. At the end of
the study, the mares were returned to University of Kentucky’s Maine Chance
Farm research herd.

Sample collection
Blood samples (10 mL) were placed into heparinized evacuated glass tubes
(Vacutainer; Becton-Dickinson, Franklin Lakes, NJ). The blood samples were
immediately centrifuged at 1,500 × g for 10 min at 4ºC, and then plasma was
obtained and stored at -20ºC until the time of analysis. Breath samples were
collected into gas impermeable bags using a modified equine Aeromask (Urschel
et al., 2012).
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Sample analyses
Feed samples
Amino acid concentrations in the chopped hay and the experimental
concentrates were determined by reverse phase HPLC (3.9 × 300 mm PICO- TAG
reverse phase column, Waters, Milford, MA) of phenylisothiocyanate derivatives
as described by Urschel et al. (2011).
Pre-, post-feeding blood samples
Plasma free amino acid concentrations in d 6 blood samples collected before
(pre-) and 90 min post-feeding were analyzed using reverse phase HPLC (3.9 ×
300 mm PICO- TAG reverse phase column, Waters, Milford, MA) of
phenylisothiocyanate derivatives (Urschel et al., 2011).
Plasma urea nitrogen concentrations in d 6 blood samples collected before
(pre-), and 60 and 120 min post-feeding were determined by colorimetric
spectrophotometric assay. In microcentrifuge tubes, 125 µL of urease buffer was
added to 10 µL of each plasma sample. After 20 min of incubation, 250 µL of
phenol nitroprusside solution and 250 µL of alkaline hypochlorite solution were
added to each sample. With the addition of 1000 µL of distilled water, samples
were diluted and incubated an additional 25 min. Into a 96 well plate, 200 µL of
sub-samples were transferred in duplicate and the plates were placed in a
VersaMax ELISA microplate reader (Molecular Devices, Sunnyvale, CA) and
read at 570 nm of wavelength. The intra-assay variation was 7.05%, while the
inter-assay variation was < 10% for the urea nitrogen analysis.
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Plasma glucose concentrations in d 6 blood samples collected before (pre-),
and 60, 90, 120, 150, 180 and 240 min post-feeding were measured by enzymatic
assay kit using a The YSI 2700 SELECT Biochemistry Analyzer (YSI Inc., Life
Sciences, Yellow Springs, OH) with an intra-assay variation of 0.82% and an
inter-assay variation of < 5%.
Plasma insulin concentrations in d 6 blood samples collected before (pre-),
and 60, 90, 120, 150, 180 and 240 min post-feeding were estimated by a Coat-ACount RIA kit (Siemens Healthcare Diagnostics Inc., Deerfield, IL), previously
validated for use in horses (Tinworth et al., 2011), with an intra-assay variation of
9.58% and an inter-assay variation of < 15%.
Breath and blood samples from isotope procedure
Isotope enrichment in breath samples CO2 from [13C]sodium bicarbonate and
[1-13C]phenylalanine infusion was determined by measuring the amount of 13CO2
relative to

12

CO2, using an infrared isotope analyzer (IRIS-2; Wagner Analysen

Technik Vetriebs GmbH, Bremen, Germany), on the same day that samples were
collected. The plasma samples were sent to Metabolic Solutions Inc. (Nashua, NH)
and the amount of [1-13C]phenylalanine relative to [1-12C]phenylalanine in
plasma was measured using a previously described method (Matthews et al., 1990;
Wagner et al., 2013; Tanner et al., 2014).
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Calculations
The average enrichment at isotopic stable state was determined for both
plasma (phenylalanine administration only) and breath samples (phenylalanine
and bicarbonate administration). The plateau was defined having at least 3 points
with a slope not significantly different from 0 (P>0.05) using a linear regression
analysis (GraphPad Prism 4 Software, GraphPad Prism Inc., San Diego, CA), and
if the plateau was not obtained, the data was discarded. The plasma [113

C]phenylalanine enrichment was calculated using the formula described by

Wilson et al. (2000), in molecules percent excess. Total CO2 production rate was
determined at plateau of the ratio of 13CO2 to 12CO2 from [13C]sodium bicarbonate
infusion by the following formula:
CO2 production = i × [(Ei/Eb) – 1] × [0.0224 mL/μmol CO2],
where i is rate of the isotope infusion (μmol/kg BW/h), Ei is the enrichment
of isotope solution, and Eb is the plateau breath enrichment (Urschel et al., 2009).
Whole-body phenylalanine flux was calculated as previously described (Hsu et al.,
2006), where Q is flux (μmol/kg BW/h), and Ep is the plateau plasma enrichment:
Q = i × [(Ei/Ep) – 1].
Phenylalanine flux (Q) includes the amino acid entering the blood amino acid
pool from dietary intake (I), de novo synthesis (N), and protein breakdown (B), or
leaving the pool through protein synthesis (Z), oxidation (E), or the conversion to
other metabolites (M):
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Q = I + N + B = Z + E + M.
Phenylalanine entering the plasma amino acid pool from dietary intake (I)
was calculated multiplying dietary phenylalanine intake by 0.4 for the forage
portion (Gibbs et al., 1988) and 0.7 for the concentrate portion (Farley et al., 1995)
to account for pre-cecal phenylalanine digestibility and then assuming that 26.5 %
of the digestible phenylalanine was extracted by the splanchnic tissues (Tanner,
2014). Because horses do not have de novo synthesis of phenylalanine, the
phenylalanine entering the blood amino acid pool from protein breakdown (B)
could be determined from the following equation:
B = Q – I.
[1-13C]phenylalanine oxidation was calculated using the equations described
in the previous study (Hsu et al., 2006):
O = F13CO2(1/Ep – 1/Ei) × 100
where O represents phenylalanine oxidation (μmol /kg BW/h) and F13CO2
represents the rate of

13

CO2 released by isotopic phenylalanine oxidation

(μmol/kg BW/h). The non-oxidative phenylalanine disposal is calculated by
taking the difference between phenylalanine flux and oxidation and this value
represents whole-body protein synthesis. Phenylalanine converted to tyrosine was
considered to be minimal and any that did occur should be the same for all
treatments because both phenylalanine and tyrosine intakes were not different
between treatments. Therefore, changes in non-oxidative phenylalanine disposal
can represent changes in phenylalanine used for whole-body protein synthesis.
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Statistical analyses
All experimental data were analyzed using the mixed procedures of SAS
(version 9.3, SAS Institute Inc., Cary, NC) unless otherwise stated. Repeated
measures analysis was used for analyzing plasma amino acids and metabolite data
from d 6 with treatment, time, and time × treatment interaction as the fixed effects
and horse nested in treatment as the random effect. The variance-covariance
matrix was selected for each analysis based on the lowest value for Schwarz’s
Bayesian Criterion. A one-way ANOVA including orthogonal linear and
quadratic contrasts was conducted to estimate treatment effects on plasma amino
acids and metabolites (both before and following feeding), and whole-body
phenylalanine kinetics with treatment as the fixed effect and horse nested in
treatment as the random effect. Means were separated using the pdiff option with
the Tukey-Kramer adjustment when differences were significant. To detect a
break point in [1-13C] phenylalanine oxidation rate the non-linear procedure of
SAS was conducted with x axis as treatment and y-axis as [1-13C] phenylalanine
oxidation rate (Robbins et al., 2006). Significance was determined at P<0.05.

III.

Results
All of the experimental animals successfully consumed the experimental diet

during all adaptation periods and sampling procedures, with the exception of one
horse when it was fed threonine intake level at 102 mg/kg BW/d and the data was
not used for that horse on that treatment. One horse had colic during the indicator
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amino acid oxidation procedure when it was fed threonine intake level at 79
mg/kg BW/d, and sample collections were not conducted with this horse. The
experimental animals maintained their body weight throughout the whole
experimental period (initial body weight was 580.1 ± 47.2 kg; final body weight
was 581.3 ± 20.3 kg). In the experimental concentrates, low and high threonine
concentrates, threonine concentrations were 2.9 and 14.8 g/kg of diet, respectively
and chopped hay contained 1.9 g threonine/kg of diet. The analyzed threonine
intake levels were 45, 56, 67, 79, 90 and 102 mg/kg BW/d for each treatment.
Daily nutrient intake levels in the experimental diet for each treatment are shown
in Table 4.5.
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Table 4.5 Daily nutrient intake levels in the experimental diet containing 1:1 ratio of
forage to concentrate for each treatment1
Graded threonine intakes (mg/kg BW/d)
Digestible
energy,
Mcal/d

45

56

67

79

90

29.2

29.4

29.2

29.0

29.2

102
29.4

NRC (2007)
Recommendation2
20.0

Crude protein,
g/kg BW/d

1.87

1.88

1.86

1.85

1.86

1.86

Acid detergent
fiber, g/kg BW/d

5.94

5.98

5.97

5.96

6.01

6.05

NDa

Neutral
detergent fiber,
g/kg BW/d

9.18

9.23

9.21

9.19

9.25

9.30

ND

Calcium,
mg/kg BW/d

152

153

152

151

152

153

1.26

40.0

Phosphorus,
mg/kg BW/d

95.0

95.7

95.0

94.3

95.0

95.7

28.0

Iron3,
mg/kg BW/d

>3.33

>3.35

>3.31

>3.27

>3.29

>3.32

0.007

Zinc3,
mg/kg BW/d

>0.86

>0.86

>0.85

>0.83

>0.84

>0.84

0.80

Indispensable amino acids,
mg/kg BW/d
Histidine

32

33

32

32

33

33

26b

Isoleucine

51

52

52

52

52

53

30b

Leucine

106

107

107

106

107

108

51b

Lysine

79

79

79

78

79

79

54

Methionine

41

41

41

40

40

41

9b

Phenylalanine

57

58

57

57

58

58

26b

Threonine

46

58

68

79

91

103

31b

Tryptophan

ND

ND

ND

ND

ND

ND

31b

67

67

67

67

68

68

26b

Valine
1

Average body weight of the experimental horses was 580.1 kg.
Daily nutrient requirements of horses, mature body weight of 600kg in average
maintenance state
3
Values were estimated with concentrates composition only because compositions in
forage were not measured.
a
Not determined
b
Values were estimated based on equine muscle amino acid composition (Lorenzo and
Pateiro, 2013) with lysine requirement, 54 mg/kg BW/d, in NRC (2007).
2
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Plasma amino acids concentrations
Feed consumption resulted in greater plasma concentrations of all amino
acids (P<0.01), except tryptophan (P=0.16; Table 4.6), compared to pre-feeding
levels. Plasma threonine concentrations were increased by threonine intake levels
both before (P<0.0001; Table 4.7; Figure 4.1) and 90 min after feeding (P<0.0001;
Table 4.8; Figure 4.2). Methionine, tryptophan, and glycine concentrations in
plasma were also increased by increasing threonine intake levels in both pre- and
90 min post-feeding samples (P<0.05), while the plasma concentrations of the
other amino acids were not affected by the treatment (P>0.05; Table 4.7 and 4.8).
The interaction of treatment and time affected plasma threonine concentrations
(P<0.01), but did not influence the plasma concentrations of the other amino acids
(P>0.05; Table 4.6).
Pre-feeding plasma threonine (Figure 4.1), methionine, tryptophan, and
glycine concentrations increased linearly with threonine intake (P<0.01; Table
4.7). Increased threonine consumption also resulted in linear increases in plasma
threonine (Figure 4.2), methionine, tryptophan, glycine and serine concentrations
90 min after feeding (P<0.05; Table 4.8). Treatment had a quadratic effect only on
the 90 min post- feeding plasma tryptophan concentration (P<0.001; Table 4.8).
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Figure 4.1 Pre-feeding plasma threonine concentrations in mature horses fed 1:1
ratio of forage to concentrate

Increased threonine intake resulted in a linear increase (R2=0.66) of plasma threonine
concentration pre-feeding in mature Thoroughbred horses fed 1:1 ratio of forage to
concentrate. There was no quadratic effect on plasma threonine concentration (P=0.74).
There were 6 observations on threonine intake levels at 45, 56, 67, 79, 79 and 90 mg/kg
BW/d, and 5 observations on threonine intake level at 102 mg/kg BW/d.
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Figure 4.2 Post-feeding plasma threonine concentrations in mature horses fed 1:1
ratio of forage to concentrate

Increased threonine intake resulted in a linear increase (R2=0.82) of plasma threonine
concentration 90 min post-feeding in mature Thoroughbred horses fed 1:1 ratio of forage
to concentrate (P<0.0001). There was no quadratic effect on plasma threonine
concentration (P=0.72).
There were 6 observations on threonine intake levels at 45, 56, 67, 79, 79 and 90 mg/kg
BW/d, and 5 observations on threonine intake level at 102 mg/kg BW/d.
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Table 4.6 Plasma amino acids concentrations in mature horses that were receiving graded levels of dietary threonine in 1:1
ratio of forage to concentrate1, μmol/L
Time,
min

Indispensable
amino acids
Histidine
Isoleucine
Leucine

72

Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine

0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90

Graded threonine intakes (mg/kg BW/d)
45

56

67

72 ± 5
86 ± 5*
48 ± 5
59 ± 5*
88 ± 10
116 ± 10*
100 ± 17
203 ± 17*
27 ± 4a
32 ± 4a
59 ± 3
69 ± 3*
76 ± 40a
103 ± 40a
3 ± 1a
3 ± 1a
140 ± 13
169 ± 13*

77 ± 5
89 ± 5*
52 ± 5
59 ± 5
95 ± 10
117 ± 10
113 ± 17
222 ± 17*
31 ± 4a
37 ± 4a
60 ± 3
66 ± 3
130 ± 40ab
181 ± 40ab
3 ± 1a
3 ± 1a
151 ± 13
169 ± 13

80 ± 5
90 ± 5*
52 ± 5
59 ± 5
98 ± 10
116 ± 10
120 ± 17
208 ± 17*
34 ± 4ab
40 ± 4a
62 ± 3
69 ± 3
190 ± 40b
264 ± 40b*
3 ± 1a
3 ± 1a
152 ± 13
169 ± 13

79

90

75 ± 5
78 ± 5
*
91 ± 5
94 ± 5*
50 ± 5
46 ± 5
*
61 ± 5
58 ± 5*
93 ± 10
86 ± 10
*
122 ± 10
119 ± 10*
104 ± 17
102 ± 17
*
211 ± 17
215 ± 17*
44 ± 4bc
44 ± 4bc
54 ± 4b*
57 ± 4b*
58 ± 3
60 ± 3
*
68 ± 3
69 ± 3*
359 ± 40c
381 ± 40c
506 ± 40c* 584 ± 40cd*
2 ± 1a
6 ± 1b
2 ± 1a
6 ± 1b
149 ± 13
141 ± 13
*
178 ± 13
171 ± 13*

P-values
102

Treatment

Time

Treatment
× Time

78 ± 6
98 ± 6*
48 ± 5
61 ± 5*
87 ± 11
121 ± 11*
106 ± 19
202 ± 19*
47 ± 4c
60 ± 4b*
63 ± 4
73 ± 4*
440 ± 40c
642 ± 40d*
5 ± 1b
6 ± 1b
137 ± 15
170 ± 15*

0.80

<.0001

0.81

0.99

<.0001

0.90

0.99

<.0001

0.93

0.94

<.0001

0.98

<.001

<.0001

0.42

0.83

<.0001

0.96

<.0001

<.0001

<.01

<.0001

0.16

0.82

0.99

<.0001

0.85

Dispensable
amino acids
Alanine
Arginine
Asparagine
Aspartate
Glutamate
Glutamine

73

Glycine
Proline
Serine
Tyrosine
1

0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90

221 ± 25
297 ± 25*
70 ± 9
112 ± 9*
38 ± 6
69 ± 6*
21 ± 5
31 ± 5
111 ± 15
126 ± 15
511 ± 43
734 ± 43*
500 ± 44a
564 ± 44a
86 ± 9
126 ± 9*
260 ± 26
334 ± 26*
104 ± 6
122 ± 6*

247 ± 25
309 ± 25*
75 ± 9
114 ± 9*
46 ± 6
74 ± 6*
28 ± 5
35 ± 5
114 ± 15
135 ± 15
558 ± 43
739 ± 43*
531 ± 44ab
554 ± 44a
97 ± 9
136 ± 9*
280 ± 26
337 ± 26*
104 ± 6
117 ± 6*

264 ± 25
310 ± 25
76 ± 9
108 ± 9*
56 ± 6
78 ± 6*
18 ± 5
26 ± 5
105 ± 15
128 ± 15
590 ± 43
746 ± 43*
529 ± 44ab
561 ± 44a
96 ± 9
131 ± 9*
279 ± 26
342 ± 26*
112 ± 6
120 ± 6*

223 ± 25
313 ± 25*
70 ± 9
116 ± 9*
48 ± 6
87 ± 6*
19 ± 5
26 ± 5
104 ± 15
127 ± 15
555 ± 43
753 ± 43*
600 ± 44ab
748 ± 44b*
89 ± 9
136 ± 9*
286 ± 26
360 ± 26*
104 ± 6
124 ± 6*

224 ± 25
309 ± 25*
69 ± 9
114 ± 9*
48 ± 6
87 ± 6*
21 ± 5
34 ± 5*
124 ± 15
158 ± 15*
543 ± 43
744 ± 43*
629 ± 44b
675 ± 44ab
91 ± 9
137 ± 9*
296 ± 26
379 ± 26*
112 ± 6
131 ± 6*

241 ± 27
317 ± 27*
69 ± 10
105 ± 10*
53 ± 7
90 ± 7*
20 ± 5
29 ± 5
104 ± 17
126 ± 17
589 ± 47
791 ± 47*
646 ± 49b
700 ± 49b
94 ± 10
145 ± 10*
321 ± 28
408 ± 28*
114 ± 7
128 ± 7*

0.94

<.0001

0.86

0.99

<.0001

0.94

0.20

<.0001

0.44

0.58

<.001

0.98

0.75

<.001

0.96

0.86

<.0001

0.95

0.02

<.01

0.44

0.78

<.0001

0.95

0.48

<.0001

0.90

0.67

<.0001

0.80

Values are least squares means ± SE determined using a one-way analysis of variance; there were 6 observations on threonine intake levels at 45,
56, 67, 79, 79 and 90 mg/kg BW/d, and 5 observations on threonine intake level at 102 mg/kg BW/d.
abcd
Different superscripts within a row indicate a statistical difference between the threonine intake levels (P<0.05).
*
Superscripts indicate a statistical difference from 0 min (P < 0.05).

Table 4.7 Plasma amino acids, urea nitrogen, glucose, and insulin concentrations pre-feeding in mature horses that were
receiving graded levels of dietary threonine in 1:1 ratio of forage to concentrate1
45

74

Indispensable
amino acids, μmol/L
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Dispensable
amino acids, μmol/L
Alanine
Arginine
Asparagine
Aspartate
Glutamate
Glutamine
Glycine
Proline
Serine
Tyrosine

Graded threonine intakes (mg/kg BW/d)
56
67
79
90

102

Treatment

P-values
Linear

Quadratic

72 ± 4
48 ± 4
88 ± 6
100 ± 7
27 ± 4a
59 ± 2
76 ± 41a
3 ± 1a
140 ± 12

77 ± 4
52 ± 4
95 ± 6
113 ± 7
31 ± 4a
60 ± 2
130 ± 41a
3 ± 1a
151 ± 12

80 ± 4
52 ± 4
98 ± 6
120 ± 7
34 ± 4ab
62 ± 2
190 ± 41ab
3 ± 1a
152 ± 12

75 ± 4
50 ± 4
93 ± 6
104 ± 7
44 ± 4bc
58 ± 2
359 ± 41bc
2 ± 1a
149 ± 12

78 ± 4
46 ± 4
86 ± 6
102 ± 7
44 ± 4bc
60 ± 2
381 ± 41c
6 ± 1b
141 ± 12

78 ± 5
48 ± 5
87 ± 7
106 ± 8
47 ± 4c
63 ± 3
440 ± 45c
5 ± 1b
137 ± 13

0.82
0.89
0.65
0.42
<.01
0.60
<.0001
<.01
0.93

0.44
0.67
0.47
0.77
<.0001
0.43
<.0001
<.01
0.64

0.57
0.49
0.22
0.24
0.66
0.71
0.74
0.07
0.35

221 ± 29
70 ± 5
38 ± 5
21 ± 4
111 ± 12
511 ± 42
500 ± 35a
86 ± 7
260 ± 26
104 ± 6

247 ± 29
75 ± 5
46 ± 5
28 ± 4
114 ± 12
558 ± 42
531 ± 35ab
97 ± 7
280 ± 26
104 ± 6

264 ± 29
76 ± 5
56 ± 5
18 ± 4
105 ± 12
590 ± 42
529 ± 35ab
96 ± 7
279 ± 26
112 ± 6

223 ± 29
70 ± 5
48 ± 5
19 ± 4
104 ± 12
555 ± 42
600 ± 35abc
89 ± 7
286 ± 26
104 ± 6

224 ± 29
69 ± 5
48 ± 5
21 ± 4
124 ± 12
543 ± 42
629 ± 35bc
91 ± 7
296 ± 26
112 ± 6

241 ± 32
69 ± 6
53 ± 6
20 ± 4
104 ± 13
589 ± 46
646 ± 38c
94 ± 8
321 ± 29
114 ± 7

0.88
0.88
0.25
0.61
0.84
0.79
0.03
0.87
0.74
0.75

0.96
0.49
0.11
0.49
0.95
0.41
<.01
0.74
0.13
0.23

0.70
0.49
0.26
0.73
0.99
0.64
0.88
0.71
0.77
0.86

4.8 ± 0.3
4.5 ± 0.3
4.5 ± 0.3
4.6 ± 0.3
4.5 ± 0.3
4.4 ± 0.4
0.98
0.50
0.84
Urea nitrogen, mmol/L
5.1 ± 0.1
5.2 ± 0.1
5.2 ± 0.1
5.2 ± 0.1
5.2 ± 0.1
5.4 ± 0.1
0.83
0.31
0.65
Glucose, mmol/L
9.6 ± 3.4
8.8 ± 3.4 10.4 ± 3.4 11.9 ± 3.4
9.9 ± 3.4 10.2 ± 3.7
0.99
0.80
0.78
Insulin, μIU/mL
1
Values are least squares means ± SE determined using a repeated measures analysis; there were 6 observations on threonine intake levels at 45, 56,
67, 79, 79 and 90 mg/kg BW/d, and 5 observations on threonine intake level at 102 mg/kg BW/d.
abc
Different superscripts within a row indicate a statistical difference between the threonine intake levels (P<0.05).

Table 4.8 Plasma amino acids1, urea nitrogen2, glucose2, and insulin2 concentrations post-feeding in mature horses that were
receiving graded levels of dietary threonine in 1:1 ratio of forage to concentrate3
45

75

Indispensable
amino acids, μmol/L
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Dispensable
amino acids, μmol/L
Alanine
Arginine
Asparagine
Aspartate
Glutamate
Glutamine
Glycine
Proline
Serine
Tyrosine

56

Graded threonine intakes (mg/kg BW/d)
67
79
90

102

Treatment

P-values
Linear

Quadratic

86 ± 6
59 ± 5
116 ± 12
203 ± 23
32 ± 4a
69 ± 4
103 ± 38a
3 ± 0.4a
169 ± 15

89 ± 6
59 ± 5
117 ± 12
222 ± 23
37 ± 4a
66 ± 4
181 ± 38ab
3 ± 0.5a
169 ± 15

90 ± 6
59 ± 5
116 ± 12
208 ± 23
40 ± 4a
69 ± 4
264 ± 38b
3 ± 0.4a
169 ± 15

91 ± 6
61 ± 5
122 ± 12
211 ± 23
54 ± 4b
68 ± 4
506 ± 38c
2 ± 0.5a
178 ± 15

94 ± 6
58 ± 5
119 ± 12
215 ± 23
57 ± 4b
69 ± 4
584 ± 38cd
7 ± 0.5b
171 ± 15

98 ± 6
61 ± 6
121 ± 14
202 ± 25
60 ± 5b
73 ± 5
642 ± 42d
6 ± 0.5b
170 ± 16

0.79
1.00
1.00
0.99
<.001
0.95
<.0001
<.0001
1.00

0.14
0.85
0.72
0.91
<.0001
0.51
<.0001
<.0001
0.88

0.87
0.94
0.95
0.69
0.79
0.53
0.72
<.001
0.84

297 ± 20
112 ± 12
69 ± 7
31 ± 5
126 ± 18
734 ± 44
564 ± 52a
126 ± 10
334 ± 26
122 ± 6

309 ± 20
114 ± 12
74 ± 7
35 ± 5
135 ± 18
739 ± 44
554 ± 52a
136 ± 10
337 ± 26
117 ± 6

310 ± 20
108 ± 12
78 ± 7
26 ± 5
128 ± 18
746 ± 44
561 ± 52a
131 ± 10
342 ± 26
120 ± 6

313 ± 20
116 ± 12
87 ± 7
26 ± 5
127 ± 18
753 ± 44
748 ± 52b
136 ± 10
360 ± 26
124 ± 6

309 ± 20
114 ± 12
87 ± 7
34 ± 5
158 ± 18
744 ± 44
675 ± 52ab
137 ± 10
379 ± 26
131 ± 6

317 ± 21
105 ± 14
90 ± 8
29 ± 6
126 ± 20
791 ± 48
700 ± 57ab
145 ± 11
408 ± 28
128 ± 7

0.99
0.99
0.26
0.77
0.79
0.96
0.05
0.87
0.35
0.65

0.53
0.81
0.02
0.76
0.67
0.43
0.01
0.24
0.03
0.18

0.84
0.76
0.70
0.65
0.75
0.73
0.76
0.91
0.44
0.57

5.2 ± 0.4
4.6 ± 0.4
5.0 ± 0.4
4.8 ± 0.4
4.8 ± 0.4
4.4 ± 0.4
0.77
0.25
0.82
Urea nitrogen, mmol/L
5.6 ± 0.2
5.8 ± 0.2
6.0 ± 0.2
5.6 ± 0.2
5.5 ± 0.2
5.8 ± 0.2
0.49
0.83
0.83
Glucose, mmol/L
27.5 ± 8.5
28.1 ± 8.5
27.0 ± 8.5
24.2 ± 8.5
27.3 ± 8.5
31.1 ± 9.3
1.00
0.86
0.69
Insulin, μIU/mL
1
Determined with 90 min post feeding samples
2
Determined with 120 min post feeding samples
3
Values are least squares means ± SE determined using a repeated measures analysis; there were 6 observations on threonine intake levels at 45, 56, 67, 79, 79
and 90 mg/kg BW/d, and 5 observations on threonine intake level at 102 mg/kg BW/d.
abcd
Different superscripts within a row indicate a statistical difference between the threonine intake levels (P<0.05).

Plasma urea nitrogen, glucose and insulin concentrations
Plasma urea nitrogen, glucose, and insulin concentrations were not changed
by threonine intake levels (P>0.05) but feed consumption affected the plasma
concentrations of these metabolites (P<0.05; Table 4.9). Plasma urea nitrogen
concentrations were increased by feed consumption when horses were fed 56 and
67 mg/kg BW/d of threonine (P<0.05; Table 4.9). Glucose concentrations in
plasma were increased 60 min after feeding in all treatment groups (P<0.05; Table
4.9), and insulin concentrations were increased 60 min after feeding in horses fed
56, 67, 90 and 102 mg/kg BW/d of threonine and 90 min after feeding in horses
fed 45 and 79 mg/kg BW/d of threonine (P<0.05; Table 4.9). There was no
interaction between treatment and time on plasma metabolites concentrations
(P>0.05; Table 4.9). Changes in threonine intake did not result in any linear or
quadratic effects on plasma urea nitrogen, glucose or insulin concentrations either
pre- or 120 min post-feeding (P>0.05; Table 4.7 and 4.8).
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Table 4.9 Plasma metabolites concentrations in mature horses that were receiving graded levels of dietary threonine in
1:1 ratio of forage to concentrate1
Time,
min

Graded threonine intakes (mg/kg BW/d)
45

Urea nitrogen,
mmol/L
0
60
120
Glucose,
mmol/L

67

79

90

102

4.8 ± 0.4

4.5 ± 0.4a

4.5 ± 0.4a

4.6 ± 0.4

4.5 ± 0.4

4.4 ± 0.4

4.8 ± 0.4

b

ab

4.9 ± 0.4

4.5 ± 0.4

4.5 ± 0.4

b

4.8 ± 0.4

4.8 ± 0.4

4.4 ± 0.4

5.2 ± 0.4

5.0 ± 0.4
4.6 ± 0.4

ab

4.7 ± 0.4

5.0 ± 0.4
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0

5.1 ± 0.2a

5.2 ± 0.2a

5.2 ± 0.2a

5.2 ± 0.2a

5.2 ± 0.2a

5.4 ± 0.2a

60

5.6 ± 0.2b

5.9 ± 0.2c

5.8 ± 0.2b

5.8 ± 0.2b

5.7 ± 0.2b

6.1 ± 0.2c

90

5.7 ± 0.2b

6.0 ± 0.2c

6.0 ± 0.2b

5.7 ± 0.2b

5.7 ± 0.2b

6.1 ± 0.2c

120

5.6 ± 0.2b

5.8 ± 0.2bc

6.0 ± 0.2b

5.6 ± 0.2ab

5.5 ± 0.2ab

5.8 ± 0.2abc

150

5.5 ± 0.2ab

5.5 ± 0.2abc

5.8 ± 0.2b

5.6 ± 0.2ab

5.5 ± 0.2ab

5.6 ± 0.2ab

180

5.5 ± 0.2b

5.5 ± 0.2ab

5.8 ± 0.2b

5.7 ± 0.2b

5.6 ± 0.2b

5.7 ± 0.2abc

240

5.6 ± 0.2b

5.7 ± 0.2bc

5.7 ± 0.2b

5.7 ± 0.2b

5.6 ± 0.2b

5.7 ± 0.2abc

Insulin,
μIU/mL

1

56

P-values

0

9.6 ± 5.3a

8.8 ± 5.3a

10.4 ± 5.3a

11.9 ± 5.3a

9.9 ± 5.3a

10.2 ± 5.8a

60

17.0 ± 9.6ab

29.9 ± 9.6b

22.2 ± 9.6b

16.0 ± 9.6ab

27.3 ± 9.6b

28.3 ± 10.5b

90

24.8 ± 8.7b

30.8 ± 8.7b

26.3 ± 8.7b

24.7 ± 8.7b

32.8 ± 8.7b

32.0 ± 9.6b

120

27.5 ± 7.5b

28.1 ± 7.5b

27.0 ± 7.5b

24.2 ± 7.5b

27.3 ± 7.5b

31.1 ± 8.2b

150

23.3 ± 6.0b

22.0 ± 6.0b

26.0 ± 6.0b

20.8 ± 6.0ab

26.9 ± 6.0b

26.1 ± 6.6b

180

20.0 ± 6.4ab

24.3 ± 6.4b

23.8 ± 6.4b

27.2 ± 6.4b

27.7 ± 6.4b

27.0 ± 7.0b

240

23.5 ± 7.0b

25.4 ± 7.0b

27.2 ± 7.0b

25.4 ± 7.0b

22.7 ± 7.0ab

24.6 ± 7.6ab

Treatment

Time

Treatment
× Time

0.95

0.04

0.52

0.86

<.0001

1.00

0.99

<.0001

0.87

Values are least squares means ± SE determined using a one-way analysis of variance; there were 6 observations on threonine intake levels at 45, 56,
67, 79, 79 and 90 mg/kg BW/d, and 5 observations on threonine intake level at 102 mg/kg BW/d.
abc
Different superscripts within a column indicate a statistical difference between the time points (P<0.05).

Whole-body phenylalanine kinetics
Plasma phenylalanine flux, CO2 production and phenylalanine balance were
not affected by the level of threonine intake (P>0.05; Table 4.10). Phenylalanine
entering the free phenylalanine pool from dietary intake and protein breakdown,
and phenylalanine leaving the free amino acid pool by oxidation and nonoxidative disposal were also unaffected by threonine intake (P>0.05; Table 4.10).
There were no other linear or quadratic effects of threonine intake on any of the
kinetics parameters studied (P>0.05; Table 4.10). A breakpoint in phenylalanine
oxidation rate was not detected by broken line analysis (P>0.05; Figure 4.3).
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Figure 4.3 Plasma phenylalanine oxidation rate in mature horses fed 1:1 ratio of
forage to concentrate during indicator amino acid oxidation procedure

Plasma phenylalanine oxidation in mature Thoroughbred horses fed 1:1 ratio of forage to
concentrate were not affected by increased threonine consumption (P=0.55). A
breakpoint could not be determined and there was no linear (P=0.12) or quadratic
(P=0.99) effect. Outliers were determined when data laid out of the range between the
first quartile – interquartile × 1.5 and the third quartile + interquartile × 1.5. Observations
were 6 on threonine intake levels at 56 and 90 mg/kg BW/d, 5 on threonine intake levels
at 67, 79 and 102 mg/kg BW/d, and 4 on threonine intake level at 45 mg/kg BW/d.
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Table 4.10 Whole-body phenylalanine kinetics in mature horses that were receiving graded levels of dietary threonine
in 1:1 ratio of forage to concentrate1, μmol/kg BW/h
Graded threonine intakes (mg/kg BW/d)

P-value

45

56

67

79

90

102

Treatment

Linear

Quadratic

Phenylalanine flux

55 ± 3

55 ± 3

55 ± 3

53 ± 3

60 ± 3

52 ± 3

0.66

0.98

0.79

Carbon dioxide
production

14354
± 763

15257
± 623

16114
± 623

15778
± 683

15629
± 623

15243
± 683

0.60

0.38

0.11

Phenylalanine from
dietary intake

16 ±
0.02

16 ±
0.02

16 ±
0.02

16 ±
0.02

16 ±
0.02

16 ±
0.02

0.34

0.11

0.14

Phenylalanine from
protein breakdown

39 ± 3

38 ± 3

38 ± 3

36 ± 3

43 ± 3

36 ± 3

0.67

0.99

0.79

Phenylalanine oxidation

11 ± 1

11 ± 1

12 ± 1

13 ± 1

12 ± 1

13 ± 1

0.55

0.12

0.99

Non-oxidative
phenylalanine disposal

43 ± 3

44 ± 3

40 ± 3

40 ± 3

48 ± 3

39 ± 3

0.34

0.81

1.00

4.9 ± 1.0

5.2 ± 1.0

4.7 ± 1.0

3.5 ± 1.0

4.3 ± 1.0

3.4 ± 1.0

0.58

0.13

0.98

Phenylalanine entering the
free phenylalanine pool2
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Phenylalanine leaving the
free phenylalanine pool2

Phenylalanine balance3
1

Values are least squares means ± SE determined using a one-way analysis of variance; outliers were determined when data laid out of the
range between the first quartile – interquartile × 1.5 and the third quartile + interquartile × 1.5; observations were 6 on threonine intake
levels at 56 and 90 mg/kg BW/d, 5 on threonine intake levels at 67, 79 and 102 mg/kg BW/d, and 4 on threonine intake level at 45 mg/kg
BW/d.
2
Stochastic formula of phenylalanine kinetics used: flux = rate of phenylalanine entry = rate of phenylalanine leaving; rate of
phenylalanine entry = phenylalanine intake + phenylalanine release from protein breakdown; rate of phenylalanine leaving =
phenylalanine oxidation + non-oxidative phenylalanine disposal; a splanchnic phenylalanine extraction rate of 26.5% was assumed when
calculating the amount of digestible phenylalanine reaching general circulation (Tanner, 2014)
3
Phenylalanine balance = non-oxidative phenylalanine disposal – phenylalanine release from protein breakdown

IV.

Discussion
The ingredient compositions of the two experimental concentrates were

similar but the high threonine concentrate contained more threonine in free amino
acid form than the low threonine concentrate, at the expense of free glutamate
(Table 4.1 and Table 4.2). Therefore, the protein bound amino acids in both
concentrates would have had similar digestibility between all treatment groups
and thus the systemic availability of the other amino acids expect threonine and
glutamate should not have been different between the treatment groups. Because
glutamate is one of dispensable amino acids, oxidation and non-oxidative disposal
rate of isotope phenylalanine, which is the indicator amino acid, would represent
the effects of threonine intake levels on whole-body protein metabolism.
Plasma phenylalanine flux was not changed by increased threonine intake
levels (P=0.66; Table 4.10). Because there was no difference in plasma
phenylalanine flux between the treatment groups, and phenylalanine oxidation to
CO2 was also unaffected by treatments (P=0.60; Table 4.10), this indicates
phenylalanine used for protein synthesis was not changed by threonine intake
levels. These inferences were coincident with the estimates from the stochastic
model of whole-body phenylalanine kinetics, which showed that phenylalanine
oxidation and non-oxidative phenylalanine disposal rate were not affected by
threonine intake levels (P>0.05; Table 4.10). Consequently, the phenylalanine
balance, which can be calculated by subtracting phenylalanine release from body
protein breakdown from body protein synthesis, was not different between the
treatment groups (P>0.05; Table 4.10). A breakpoint in phenylalanine oxidation
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was not detected and there was no linear or quadratic effect of threonine intake
level on phenylalanine oxidation rate (P>0.05). This might suggest that body
protein synthesis was already maximized below the lowest level of threonine
intake, and thus further increases of dietary threonine were not used for protein
synthesis, resulting unchanged phenylalanine oxidation rate. Together, these data
indicate that even in the lowest threonine diet, threonine was either not a most
limiting amino acid or was not the most limiting amino acid to whole body
protein synthesis.
The lysine requirement recommended by the NRC (2007) is 54 mg/kg BW/d.
With the known value of the lysine requirement, threonine requirement could be
estimated based on the amino acid composition in equine muscle tissue or milk
(Bryden, 1991; Wickens et al., 2002; Lorenzo and Pateiro, 2013). The estimates
ranged from 27.5 – 33.5 mg/kg BW/d using muscle amino acid concentrations
(Table 2.4) and from 24.3 – 38.9 mg/kg BW/d using milk amino acid
concentrations (Table 2.5). Unaffected phenylalanine oxidation and non-oxidative
disposal rate between the treatment groups (P>0.05) might be due to the greater
threonine intake than the actual requirement because the analyzed threonine
intake levels of all treatments, 45, 56, 67, 79, 90 and 102 mg/kg BW/d, were
higher than the estimates based on body tissue and milk amino acid composition.
This suggests that body protein synthesis was maximized before the lowest
threonine intake level of the treatments and thus the oxidation rate of
phenylalanine were minimized and constant through all treatment levels. The
lowest treatment level, 45 mg/kg BW/d, might exceed the actual threonine
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requirement because the phenylalanine oxidation rate was not affected by
increasing threonine consumption without a breakpoint (P>0.05), suggesting that
threonine is unlikely to be a limiting amino acid when diets are a 1:1 ratio of good
quality forage with low crude protein and a concentrate.
The estimates based on equine muscle tissue (Table 2.4) and milk (Table 2.5)
were expected to be lower than the actual threonine requirements of mature horses
because these estimated requirements do not account for digestibility and nonmuscle or milk uses in the animal’s body. Apparent pre-cecal digestibilities of
threonine ranged from 31.2 – 62.4% in foals determined by feeding five different
levels of crude protein (7.5 – 18.5% of dry matter) in a 1:1 bermudagrass hay to
concentrate ratio (<57% NDF on a dry matter basis) by increasing the amount of
soybean meal at the expense of ground corn in the concentrate (Almeida et al.,
1999). This suggests that up to 69% of dietary threonine will not be absorbed in
the foregut. Moreover, nitrogen absorbed in equine hindgut is mainly ammonia
form, which is not systemically available for protein synthesis (Slade et al., 1971;
Reitnour and Salsbury, 1972). Therefore, it was expected that the actual total
dietary threonine requirement could be higher than the estimates based on muscle
or milk amino acids profile. However, in the present study, the plasma
phenylalanine oxidation and non-oxidative disposal, which represents the use of
amino acids for protein synthesis, were not affected by threonine intake levels and
it might indicate that the actual threonine requirement might be below 45 mg/kg
BW/d, as predicted by the estimation methods proposed in the NRC (2007).
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The experimental diet consisted of 1:1 forage to concentrate ratio, and 17.7
mg/kg BW/d of threonine was provided by the forage portion, which ranged from
17 – 39% of total threonine intake. The experimental concentrates provided the
greater proportion of threonine intake than the forage in all treatment groups. The
digestion of nitrogen in concentrates primarily (>70% digestibility in a complete
pelleted diet) occurs in foregut (Farley et al., 1995), while pre-cecal nitrogen
digestibility of forage ranged from 27 – 41% in mature horses (Gibbs et al., 1988).
Therefore, it is one possibility that the majority of threonine intakes might be
digested and became systemically available by the foregut digestion, and thus the
actual requirement might not be dramatically greater than the estimates. If the
forage nitrogen digestibility in the foregut is assumed to be 40% (Gibbs et al.,
1988), 7.1 mg/kg BW/d of threonine was digested prececally in all treatment
groups, and assuming that prececal digestibility of nitrogen in concentrates is 70%
(Farley et al., 1995), threonine digested from the experimental concentrates were
19.1, 26.8, 34.5, 42.9, 50.6, and 59.0 mg/kg BW/d, by each level of threonine
intakes, respectively. Thus the total estimated threonine absorption from each
treatment was 26.2, 33.9, 41.6, 50.0, 57.7, and 66.1 mg/kg BW/d, respectively,
and the amount of threonine absorption in all treatment is similar or higher than
the estimates based on amino acid composition in equine muscle and milk, 24.3 –
38.9 mg/kg BW/d (Table 2.4 and 2.5). Therefore, the digested threonine from all
treatments might meet the actual threonine requirements.
Increased dietary threonine consumption resulted in greater plasma glycine,
methionine, and tryptophan concentrations both pre- and 90 min post-feeding
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(P<0.05). These increases in plasma methionine and glycine concentrations may
be due to common degradation pathways between these amino acids. Mammals
have two key pathways of threonine catabolism (Bird and Nunn, 1983), one of
which results in glycine formation (Figure 2.1). Higher threonine intakes could
saturate its catabolic pathway in the horses’ bodies, resulting in higher glycine
concentrations (P<0.05) with increasing plasma threonine concentration
(P<0.0001). The other threonine catabolism pathway produces α-ketobutyrate
(Darling et al., 1999; Figure 2.1), and α-ketobutyrate is also produced during the
methionine degradation pathway (Finkelstein, 1990). Increasing threonine
concentration in plasma would most likely result in greater threonine degradation,
and hence α-ketobutyrate would increase in the plasma. Consequently, the
methionine degradation pathway might be down-regulated by the accumulation of
α-ketobutyrate, and therefore it would result in increased methionine
concentrations in plasma. When threonine intake level was below 67 mg/kg BW/d,
plasma methionine concentrations in both pre- and 90 min post-feeding were
unaffected by increased plasma threonine concentrations (Table 4.6). However, at
threonine intake above 79 mg/kg BW/d, there was a significant increase in plasma
methionine concentration (Table 4.6). This might suggest that plasma methionine
concentration was affected until after plasma threonine concentrations reached a
certain threshold concentration, supporting that saturated plasma α-ketobutyrate
from increased threonine catabolic metabolism would down-regulate methionine
degradation, resulting in greater plasma methionine concentration. There is a lack
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of information to understand how threonine intake levels affect plasma tryptophan
concentration, and thus further research is needed to elucidate this change.
Even though blood urea nitrogen concentrations might not be a sensitive
indicator by itself alone to evaluate amino acid requirements (Pencharz and Ball,
2003) blood urea concentration and biological value of dietary protein showed
negative correlation and the correlation coefficient was 0.96 in a study reviewed
by Eggum (1970). In the present study, plasma urea nitrogen concentrations were
not affected by treatment (P>0.05), which supports that body protein synthesis
was not influenced by threonine intake levels as confirmed by unaffected
phenylalanine oxidation rate with threonine intake (P>0.05). Threonine intake
levels did not affect plasma glucose and insulin concentration (P>0.05). Insulin
has been reported as an activator of the mechanistic target of rapamycin pathway
in horses (Urschel et al. 2014), which is responsible for initiating protein synthesis
in other species, as previously reviewed elsewhere (Avruch et al., 2006). These
results also supported that increased threonine intake levels in the present study
did not affect body protein synthesis.
In a previous study (Graham-Thiers and Kronfeld, 2005) mature horses were
fed 102 mg/kg BW/d of threonine by supplementing amino acids (20 and 15 g/d
of lysine and threonine, respectively) to a control diet (containing 65 mg/kg BW/d
of threonine), which contained a 4:1 ratio of forage (1.8% BW) to concentrate
(0.5% BW). The muscle mass score increased by amino acids supplementation,
suggesting that muscle mass was improved in the amino acid supplemented group
and that the 65 mg/kg BW/d of threonine intake might limit the body protein
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synthesis. Concordantly, plasma urea nitrogen concentration was lower in the
amino acid supplemented group even though both groups of horses consumed a
similar level of crude protein. Because plasma urea nitrogen concentration is
negatively related to biological value of dietary protein (Eggum, 1970), decreased
plasma urea nitrogen concentration by supplementing lysine and threonine
suggested that dietary amino acid uses were improved showing increased muscle
growth in the amino acid supplemented group (Graham-Thiers and Kronfeld,
2005). However, the results from the present study imply that the actual threonine
requirement might be lower than 45 mg/kg BW/d, which is lower than threonine
intake level in the control diet of the Graham-Thiers and Kronfeld (2005) study,
65 mg/kg BW/d. In this previous study (Graham-Thiers and Kronfeld, 2005), both
lysine and threonine were supplemented and thus the improved muscle mass and
reduced plasma urea might be a result of greater lysine intake, rather than
increased threonine consumption. Moreover, the discrepancy from the study of
Graham-Thiers and Kronfeld (2005) and the present study might be due to the
different ratios of forage to concentrate because increased dietary fiber contents
have been reported to stimulate intestinal mucin secretion in other species (Lien et
al., 2001), which could result in greater threonine requirement in the previous
study (Graham-Thiers and Kronfeld, 2005).
In conclusion, the threonine requirements in mature horses fed a 1:1 ratio of
forage to concentrate appear to be lower than 45 mg/kg BW/d and this suggests
that threonine might not be a limiting amino acid when diets consist of a 1:1 ratio
of good quality forage with low crude protein and a concentrate. Further study is
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warranted to refine the estimate of threonine requirements. Additionally, the
effects of the ratio of forage to concentrate in diets on the threonine requirement
needs to be studied in order to improve the accuracy of diet formulation under
various feeding strategies.
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Chapter 5. Threonine requirements in horses fed a high forage diet

I.

Introduction
Horses are a herbivorous species and therefore a certain portion of forage
needs to be included in equine diets to provide adequate fiber to avoid digestive
diseases such as hindgut acidosis (Medina et al., 2002), colic (Tinker et al., 1997)
or ulcers (Murray et al., 1989; Murray and Schusser, 1989). High fiber diets are
also beneficial in reducing non-digestive problems such as rhabdomyolysis
(MacLeay et al., 2000), cribbing (Kusunose, 1992; Redbo et al., 1998) or woodchewing (Willard et al., 1977). The NRC (2007) suggests that the minimum
amount of forage to feed horses is 1% of body weight per day, but voluntary dry
matter intake was 1.5 – 3.1% of body weight in horses grazing fresh pasture
(Marlow et al., 1983) and about 2% of body weight in horses fed fresh forage
(Dulphy et al., 1997).
Because the plant cell wall is composed of cellulose, hemicellulose, and
lignin, which are not degradable by an animal’s digestive enzymes, the majority
of forage digestion occurs in equine hindgut by microbial fermentation (Hintz et
al., 1971). However, nitrogen absorbed in the hindgut is mainly ammonia, which
cannot be used for indispensable amino acids formation in the animal’s body
(Slade et al., 1971; Reitnour and Salsbury, 1972). Increased dietary fiber
decreased apparent ileal amino acid digestibility in pigs (Myrie et al., 2008). The
estimated true nitrogen digestibility of forage in foregut ranged from 27 – 42% in
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mature horses (Gibbs et al., 1988). The low digestibility of forage amino acids
would limit the utilization of dietary amino acids by the animal, and thus more
dietary amino acids would be needed to compensate for the low digestibility, in
order to meet the physiological amino acid requirements.
In addition to relatively low pre-cecal digestibility, dietary fiber has also been
reported to stimulate intestinal mucin secretion in other species (Lien et al., 2001).
Because threonine is thought to be significantly used for mucin protein synthesis
(Lien et al., 1997), increased intestinal secretory protein secretion would result in
greater threonine endogenous losses (Lien et al., 1997; Myrie et al., 2008). A
previous study (van der Schoor et al., 2002) suggested that threonine degraded
from mucin might be significantly reused to form intestinal glycoproteins, while
another study (Lien et al., 1997) reported that threonine in mucin protein is
resistant to proteolysis. Thus, threonine used for mucin synthesis might not be
recycled into the blood amino acid pool for body protein synthesis or any of other
uses in the body.
Therefore, it is possible that the threonine requirement of horses fed a high
forage diet would be greater than in horses fed a high concentrate diet. The
objective of the present study was to estimate the threonine requirement of mature
horses fed a 4:1 ratio of forage to concentrate using the indicator amino acid
oxidation methods. The indicator amino acid oxidation method has been
successfully used to evaluating amino acid requirements and metabolism in
human (Wilson et al., 2000; Chapman et al., 2009) and animals (Bertolo et al.,
1998; Levesque et al., 2011). The principle of this method is based on that surplus
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amounts of amino acids, which were not used for body protein synthesis, in the
blood free amino acid pool will be oxidized to CO2 for the excretion from the
body, and labeled carbon of the indicator amino acid in isotope form will appear
in breath CO2 as the result of oxidation of excess amino acids. It was
hypothesized that phenylalanine, the indicator amino acid, would be oxidized at a
minimum and constant rate once threonine intake levels meet the requirement.

II.

Materials and methods
The procedures used in the present study were reviewed and approved by the
University of Kentucky Institutional Animal Care and Use Committee.
The same six Thoroughbred mares (4 – 16 years old and 579.9 ± 46.7 kg)
used in Chapter 4 were used to evaluate threonine requirements in mature horses
fed 4:1 ratio of forage to concentrate after a 2 weeks of adaptation period. The
study procedures, sample collections, sample analyses, calculations and statistical
analyses were conducted as previously described in Chapter 4, with the exception
of the experimental diet composition and six threonine intake levels as treatments.

Experimental diets
The same chopped hay and concentrates used in Chapter 4 were used as the
experimental diets and they were designed to meet or exceed requirement
estimates of the all nutrients (NRC, 2007). Chopped timothy hay (Hi Fiber Gold,
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Lucerne Farms, Fort Fairfield, ME) was provided at 1.6% of body weight per day
and concentrate (Table 4.1 and 4.2) was provided at 0.4% of body weight per day,
and half of daily allowance was fed to the horses at each of 07:30 and 15:00 h.
The nutrient compositions of the hay and concentrates are shown in Table 4.3.
The same experimental concentrates, low and high threonine concentrate, used for
the study in Chapter 4 were mixed in different ratios to generate 6 levels of
threonine intakes and the treatments were targeted to be 44, 50, 55, 61, 66 and 72
mg/kg BW/d (Table 5.1), and all treatments were isocaloric and isonitrogenous
(Table 5.2). Although it was recognized that these levels of threonine intake were
all above the threonine requirement estimated based on muscle composition, this
study was proceeded with these levels of intake the same reasons discussed in
Chapter 4, with the additional rationale that these diets were predominantly forage
and so it was expected that low pre-cecal threonine digestibility might result in
greater total threonine requirements when a greater amount of forage was fed.
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Table 5.1 Feed composition for generating 6 levels of dietary threonine in a high
forage diet, % of BW/d
Threonine
BW/d

intake,

mg/kg

Chopped hay,
timothy1

Low threonine
concentrate2

High threonine
concentrate3

Targeted

Analyzed

44

41

1.60

0.40

0.00

50

51

1.60

0.32

0.08

55

61

1.60

0.24

0.16

61

70

1.60

0.16

0.24

66

80

1.60

0.08

0.32

72

89

1.60

0.00

0.40

1

Threonine concentration was 1.9 g/kg; Hi Fiber Gold, Lucerne Farms, Fort Fairfield, ME
(Table 4.3).
2
Threonine concentration was 2.9 g/kg; Formulated specifically for this study, Buckeye
Nutrition, Dalton, OH (Table 4.1 and 4.3).
3
Threonine concentration was 14.8 g/kg; Formulated specifically for this study, Buckeye
Nutrition, Dalton, OH (Table 4.2 and 4.3).
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Table 5.2 Daily nutrient intake levels in the experimental diet containing 4:1 ratio of
forage to concentrate for each treatment1
Graded threonine intakes (mg/kg BW/d)
Digestible energy,
Mcal/d

41

51

61

70

80

89

26.2

26.2

26.2

26.2

26.2

26.2

Crude protein,
g/kg BW/d

1.64

1.64

1.63

1.63

1.63

1.62

Acid detergent
fiber, g/kg BW/d

7.09

7.11

7.12

7.14

7.15

7.17

Neutral detergent
fiber, g/kg BW/d

10.8

10.8

10.8

10.8

10.8

10.9

NRC (2007)
Recommendation2
20.0
1.26
NDa
ND

Calcium,
mg/kg BW/d

100

100

100

100

100

100

40.0

Phosphorus,
mg/kg BW/d

76

76

76

76

76

76

28.0

Iron3,
mg/kg BW/d

>1.40

>1.39

>1.39

>1.38

>1.37

>1.37

0.007

Zinc3,
mg/kg BW/d

>0.36

>0.36

>0.35

>0.35

>0.35

>0.34

0.80

Indispensable amino acids,
mg/kg BW/d
Histidine

27

27

27

27

27

27

26b

Isoleucine

49

49

50

50

50

50

30b

Leucine

90

91

91

91

91

91

51b

Lysine

56

56

56

56

56

56

54b

Methionine

36

36

36

36

36

36

9b

Phenylalanine

53

53

53

53

53

54

26b

Threonine

42

52

61

71

80

90

31b

Tryptophan

ND4

ND

ND

ND

ND

ND

31b

64

64

65

65

65

65

26b

Valine
1

Average body weight of the experimental horses was 580.1 kg.
Daily nutrient requirements of horses, mature body weight of 600kg in average maintenance
status
3
Values were estimated with concentrate composition only because compositions in forage were
not measured.
a
Not determined
b
Values were estimated based on equine muscle amino acid composition (Lorenzo and Pateiro,
2013) with lysine requirement, 54 mg/kg BW/d, in NRC (2007).
2
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III.

Results
All of the experimental animals were able to consume all of the experimental

diets during the adaptation periods and sampling procedures. The horses
maintained their body weight throughout the entire experimental period (initial
body weight was 579.9 ± 46.7 kg; final body weight was 584.6 ± 19.8 kg).
Threonine concentrations in the low and high threonine concentrates were 2.9 and
14.8 g/kg of concentrate, respectively, and chopped hay provided 1.9 g
threonine/kg of hay. The analyzed daily threonine consumptions were 41, 51, 61,
70, 80, and 89 mg/kg BW/d for each treatment. Table 5.2 shows the daily nutrient
intakes from the experimental diet corresponding to each treatment.

Plasma amino acids concentrations
All plasma amino acids concentrations were greater at 90 min post-feeding
than pre-feeding (P<0.05), except tryptophan (P=0.58; Table 5.3). Increased
threonine intake resulted in higher plasma threonine concentrations both in pre(P<0.01; Table 5.4; Figure 5.1) and post-feeding (P<0.0001; Table 5.5; Figure 5.2)
samples. Plasma methionine, tryptophan and glycine concentrations were
increased by increasing threonine intake levels (P<0.05), while the other amino
acids concentrations in plasma were not affected by threonine consumption levels
(P>0.05; Table 5.3). Methionine and tryptophan concentrations in plasma were
increased by treatment both before (P<0.01; Table 5.4) and after (P<0.0001;
Table 5.5) feeding, but plasma glycine concentration were affected by threonine
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intake levels only 90 min after feeding (P=0.02; Table 5.5). There was no
interaction between threonine intake levels and feed consumption on plasma
amino acid concentrations (P>0.05), except plasma threonine concentration
(P<0.0001; Table 5.3).
Increased threonine intake linearly increased plasma threonine (Figure 5.1),
methionine, tryptophan and glycine concentrations in pre-feeding samples
(P<0.01; Table 5.4). Plasma threonine (Figure 5.2), methionine, tryptophan,
asparagine, glycine, serine and tyrosine concentrations were increased linearly
with threonine consumption 90 min after feeding (P<0.05; Table 5.5). Threonine
intake levels had a quadratic effect on 90 min post-feeding plasma tryptophan
concentration (P=0.02; Table 5.5).
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Figure 5.1 Pre-feeding plasma threonine concentrations in mature horses fed 4:1
ratio of forage to concentrate

Increased threonine intake resulted in a linear increase (R2=0.40) of plasma threonine
concentration pre-feeding in mature Thoroughbred horses fed 4:1 ratio of forage to
concentrate (P<0.0001; n=6). There was no quadratic effect on plasma threonine
concentration (P=0.82).
There were 6 observations on threonine intake levels at 41, 51, 61, 70 and 89 mg/kg
BW/d, and 5 observations on threonine intake level at 80 mg/kg BW/d.
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Figure 5.2 Post-feeding plasma threonine concentrations in mature horses fed 4:1
ratio of forage to concentrate

Increased threonine intake resulted in a linear increase (R2=0.72) of plasma threonine
concentration 90 min post-feeding in mature Thoroughbred horses fed 4:1 ratio of forage
to concentrate (P<0.0001; n=6). There was no quadratic effect on plasma threonine
concentration (P=0.64).
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Table 5.3 Plasma amino acids concentrations in mature horses that were receiving graded levels of dietary threonine in 4:1
ratio of forage to concentrate1, μmol/L
Time,
min

Indispensable
amino acids
Histidine
Isoleucine
Leucine
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Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine

0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90

Graded threonine intakes (mg/kg BW/d)

P-values

41

51

61

70

80

89

Treatment

Time

Treatment
× Time

82 ± 7
91 ± 7
51 ± 6
58 ± 6
100 ± 10
120 ± 10
123 ± 14
186 ± 14*
29 ± 5a
32 ± 5a
63 ± 3
68 ± 3
92 ± 69a
109 ± 69a
2 ± 1a
3 ± 1a
180 ± 13
199 ± 13

88 ± 7
106 ± 7*
56 ± 6
71 ± 6*
107 ± 10
141 ± 10*
121 ± 14
212 ± 14*
33 ± 5ab
41 ± 5ab
65 ± 3
77 ± 3*
183 ± 69a
237 ± 69a
2 ± 1a
2 ± 1a
182 ± 13
226 ± 13*

85 ± 7
94 ± 7
57 ± 6
68 ± 6
102 ± 10
134 ± 10*
117 ± 14
197 ± 14*
37 ± 5ab
48 ± 5b*
64 ± 3
73 ± 3*
216 ± 69ab
307 ± 69a*
2 ± 1a
2 ± 1a
187 ± 13
217 ± 13*

90 ± 7
102 ± 7*
64 ± 6
71 ± 6
107 ± 10
126 ± 10
118 ± 14
185 ± 14*
43 ± 5ab
53 ± 5bc
66 ± 3
72 ± 3
392 ± 69bc
521 ± 69b*
2 ± 1a
2 ± 1a
190 ± 13
210 ± 13

84 ± 7
108 ± 7*
54 ± 6
67 ± 6*
97 ± 11
131 ± 10*
117 ± 15
214 ± 14*
43 ± 5ab
66 ± 5cd*
61 ± 4
74 ± 3*
358 ± 71bc
650 ± 69bc*
7 ± 1b
6 ± 1b
169 ± 14
214 ± 13*

82 ± 7
103 ± 7*
55 ± 6
69 ± 6*
94 ± 10
129 ± 10*
112 ± 14
184 ± 14*
62 ± 5c
68 ± 5d
63 ± 3
73 ± 3*
534 ± 69c
784 ± 69c*
5 ± 1b
5 ± 1b
178 ± 13
214 ± 13*

0.79

<.0001

0.38

0.70

<.0001

0.86

0.79

<.0001

0.92

0.75

<.0001

0.77

<.001

<.0001

0.12

0.73

<.0001

0.77

<.0001

<.0001

<.0001

<.0001

0.58

0.70

0.93

<.0001

0.62

Dispensable
amino acids
Alanine
Arginine
Asparagine
Aspartate
Glutamate
Glutamine
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Glycine
Proline
Serine
Tyrosine
1

0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90
0
90

324 ± 40
365 ± 40
77 ± 10
104 ± 10*
39 ± 9
60 ± 9*
15 ± 3
25 ± 3*
79 ± 9
90 ± 9
431 ± 39
554 ± 39*
430 ± 34a
466 ± 34a
109 ± 13
140 ± 13*
273 ± 25
324 ± 25*
92 ± 8
104 ± 8*

324 ± 40
403 ± 40*
80 ± 10
119 ± 10*
40 ± 9
74 ± 9*
18 ± 3
29 ± 3*
90 ± 9
111 ± 9*
452 ± 39
642 ± 39*
441 ± 34a
497 ± 34a*
113 ± 13
169 ± 13*
287 ± 25
367 ± 25*
95 ± 8
113 ± 8*

299 ± 40
367 ± 40*
65 ± 10
97 ± 10*
44 ± 9
78 ± 9*
16 ± 3
25 ± 3*
87 ± 9
100 ± 9
455 ± 39
605 ± 39*
490 ± 34ab
532 ± 34ab
110 ± 13
153 ± 13*
311 ± 25
376 ± 25*
97 ± 8
114 ± 8*

342 ± 40
384 ± 40
68 ± 10
93 ± 10*
52 ± 9
82 ± 9*
15 ± 3
21 ± 3
82 ± 9
87 ± 9
491 ± 39
637 ± 39*
480 ± 34ab
524 ± 34ab
122 ± 13
171 ± 13*
322 ± 25
390 ± 25*
104 ± 8
116 ± 8*

299 ± 42
417 ± 40*
69 ± 11
109 ± 10*
46 ± 10
92 ± 9*
13 ± 3
23 ± 3*
76 ± 10
99 ± 9*
451 ± 42
671 ± 39*
504 ± 35ab
621 ± 34bc*
105 ± 14
168 ± 13*
291 ± 27
407 ± 25*
100 ± 9
132 ± 8*

282 ± 40
358 ± 40*
64 ± 10
99 ± 10*
48 ± 9
92 ± 9*
16 ± 3
23 ± 3*
87 ± 9
104 ± 9*
466 ± 39
638 ± 39*
553 ± 34b
632 ± 34c*
110 ± 13
160 ± 13*
344 ± 25
436 ± 25*
112 ± 8
127 ± 8*

0.95

<.0001

0.54

0.67

<.0001

0.80

0.48

<.0001

0.52

0.72

<.0001

0.85

0.68

<.0001

0.57

0.70

<.0001

0.54

0.03

<.0001

0.17

0.78

<.0001

0.67

0.15

<.0001

0.36

0.43

<.0001

0.15

Values are least squares means ± SE determined using a one-way analysis of variance; there were 6 observations with the exception of pre-feeding
data in threonine intake level at 80 mg/kg BW/d (n=5; one sample was unavailable).
abcd
Different superscripts within a row indicates a statistical difference between the threonine intake levels (P<0.05).
*
Superscripts indicate a statistical difference from 0 min (P < 0.05).

Table 5.4 Plasma amino acids, urea nitrogen, glucose, and insulin concentrations pre-feeding in mature horses that were receiving
graded levels of dietary threonine in 4:1 ratio of forage to concentrate1
41
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Indispensable
amino acids, μmol/L
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Dispensable
amino acids, μmol/L
Alanine
Arginine
Asparagine
Aspartate
Glutamate
Glutamine
Glycine
Proline
Serine
Tyrosine

Graded threonine intakes (mg/kg BW/d)
51
61
70
80

89

P-values
Treatment Linear Quadratic

82 ± 7
51 ± 6
100 ± 8
123 ± 9
29 ± 6a
63 ± 3
92 ± 75a
2 ± 1a
180 ± 12

88 ± 7
56 ± 6
107 ± 8
121 ± 9
33 ± 6a
65 ± 3
184 ± 75ab
2 ± 1a
182 ± 12

85 ± 7
57 ± 6
102 ± 8
117 ± 9
37 ± 6a
64 ± 3
216 ± 75ab
2 ± 1a
187 ± 12

90 ± 7
64 ± 6
107 ± 8
118 ± 9
43 ± 6a
66 ± 3
392 ± 75bc
2 ± 1a
190 ± 12

84 ± 7
55 ± 6
97 ± 9
118 ± 9
44 ± 6a
62 ± 3
363 ± 82bc
7 ± 1c
167 ± 13

82 ± 7
55 ± 6
94 ± 8
112 ± 9
62 ± 6b
63 ± 3
534 ± 75bc
5 ± 1b
178 ± 12

0.96
0.77
0.86
0.96
<.01
0.89
<.01
<.0001
0.82

0.92
0.66
0.47
0.38
<.001
0.79
<.0001
<.0001
0.59

0.41
0.26
0.35
0.92
0.28
0.41
0.82
0.06
0.52

324 ± 47
77 ± 8
39 ± 7
15 ± 2
79 ± 7
431 ± 37
430 ± 29
109 ± 11
273 ± 25
92 ± 8

324 ± 47
80 ± 8
40 ± 7
18 ± 2
90 ± 7
452 ± 37
441 ± 29
113 ± 11
287 ± 25
95 ± 8

299 ± 47
65 ± 8
44 ± 7
16 ± 2
87 ± 7
455 ± 37
490 ± 29
110 ± 11
311 ± 25
97 ± 8

342 ± 47
68 ± 8
52 ± 7
15 ± 2
82 ± 7
491 ± 37
480 ± 29
122 ± 11
322 ± 25
104 ± 8

299 ± 52
72 ± 9
49 ± 8
13 ± 3
75 ± 8
460 ± 41
515 ± 32
104 ± 12
277 ± 28
99 ± 9

282 ± 47
64 ± 8
48 ± 7
16 ± 2
87 ± 7
466 ± 37
553 ± 29
110 ± 11
344 ± 25
112 ± 8

0.96
0.67
0.75
0.76
0.72
0.92
0.06
0.90
0.35
0.54

0.55
0.21
0.18
0.60
0.84
0.45
<.01
0.95
0.13
0.09

0.73
0.77
0.55
0.94
0.86
0.54
0.77
0.60
0.96
0.79

3.8 ± 0.3
3.9 ± 0.3
4.1 ± 0.3
3.8 ± 0.3
4.0 ± 0.3
3.9 ± 0.3
0.98
0.91
0.66
Urea nitrogen, mmol/L
4.9 ± 0.1
5.0 ± 0.1
5.0 ± 0.1
5.0 ± 0.1
4.9 ± 0.1
5.2 ± 0.1
0.15
0.05
0.94
Glucose, mmol/L
8.9 ± 2.0
9.0 ± 2.0
9.5 ± 2.0
9.2 ± 2.0
6.6 ± 2.0
8.3 ± 2.0
0.92
0.53
0.82
Insulin, μIU/mL
1
Values are least squares means ± SE determined using a repeated measures analysis; there were 6 observations on threonine intake levels at 41, 51,
61, 70 and 89 mg/kg BW/d, and 5 observations on threonine intake level at 80 mg/kg BW/d (one sample was unavailable).
abc
Different superscripts within a row indicates a statistical difference between the threonine intake levels (P<0.05).

Table 5.5 Plasma amino acids1, urea nitrogen2, glucose2, and insulin2 concentrations post-feeding in mature horses that were receiving graded levels
of dietary threonine in 4:1 ratio of forage to concentrate3
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Indispensable
amino acids, μmol/L
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine
Dispensable
amino acids, μmol/L
Alanine
Arginine
Asparagine
Aspartate
Glutamate
Glutamine
Glycine
Proline
Serine
Tyrosine

Graded threonine intakes (mg/kg BW/d)
61
70
80

41

51

89

91
58
120
186
32a
68
109a
3a
199

106
71
141
212
41ab
77
237ab
2a
226

94
68
134
197
48b
73
307b
2a
217

102
71
126
185
53b
72
521c
2a
210

108
67
131
214
66c
74
650cd
6b
214

103
69
129
184
68c
73
784d
5b
214

365
104
60
25
90
554
466a
140
324
104

403
119
74
29
111
642
497a
169
367
113

367
97
78
25
100
605
532ab
153
376
114

384
93
82
21
87
637
524ab
171
390
116

417
109
92
23
99
671
621b
168
407
132

358
99
92
23
104
638
632b
160
436
127

4.0
4.0
4.4
4.0
3.9
4.1
Urea nitrogen, mmol/L
5.6
5.2
5.5
5.4
5.4
5.2
Glucose, mmol/L
18.6
20.6
23.1
18.8
18.6
16.1
Insulin, μIU/mL
1
Determined with 90 min post feeding samples
2
Determined with 120 min post feeding samples
3
Values are least squares means determined using a repeated measures analysis; n=6.
abcd
Different superscripts within a row indicates a statistical difference between the threonine intake levels (P<0.05).

Treatment

P-values
Linear

Quadratic

6
6
11
18
4
4
64
1
15

0.40
0.73
0.85
0.69
<.0001
0.66
<.0001
<.0001
0.87

0.20
0.42
0.93
0.92
<.0001
0.66
<.0001
<.0001
0.77

0.66
0.31
0.54
0.54
0.85
0.44
0.64
0.02
0.54

33
12
11
4
11
41
37
15
25
9

0.76
0.69
0.38
0.77
0.62
0.45
0.02
0.67
0.06
0.27

0.92
0.58
0.03
0.33
0.83
0.12
<.01
0.35
<.01
0.02

0.50
0.84
0.67
0.87
0.89
0.40
0.66
0.35
0.86
0.87

0.3
0.2
5.9

0.89
0.67
0.97

0.79
0.33
0.65

0.82
0.84
0.53

Pooled SE

Plasma urea nitrogen, glucose and insulin concentrations
Plasma urea nitrogen, glucose and insulin concentrations were not affected by
threonine intake levels (P>0.05), but were changed by feed consumption (P<0.05;
Table 5.6). Plasma urea nitrogen concentration in horses fed 41 mg/kg BW/d of
threonine were increased 60 min after feeding (P<0.05; Table 5.6). Plasma
glucose concentrations in all treatment groups, except the group fed 89 mg/kg
BW/d of threonine, were increased 60 min after feed consumption (P<0.05; Table
5.6). Insulin concentrations in the plasma were also increased 60 min after feeding
in all treatment groups (P<0.05), with the exception of the group fed 41 mg/kg
BW/d of threonine where plasma insulin concentrations were increased 90 min
after feeding (P<0.05; Table 5.6). Interactions between threonine intake levels and
time on plasma metabolites concentrations were not detected (P>0.05; Table 5.6).
Increased threonine intake levels had no linear or quadratic effects on plasma urea
nitrogen, glucose or insulin concentrations either before or 120 min after feeding
(P≥0.05; Table 5.4 and 5.5).
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Table 5.6 Plasma metabolites concentrations in mature horses that were receiving graded levels of dietary threonine in
containing 4:1 ratio of forage to concentrate1
Time,
min

Graded threonine intakes (mg/kg BW/d)
41

Urea nitrogen,
mmol/L
0
60
120

51

61

70

P-values
80

89

3.8 ± 0.3a

3.9 ± 0.3

4.1 ± 0.3

3.8 ± 0.3

4.0 ± 0.3

3.9 ± 0.3

4.2 ± 0.3

b

4.0 ± 0.3

4.3 ± 0.3

3.9 ± 0.3

3.8 ± 0.3

3.9 ± 0.3

4.0 ± 0.3

b

4.0 ± 0.3

4.4 ± 0.3

4.0 ± 0.3

3.9 ± 0.3

4.1 ± 0.3

4.9 ± 0.1

a

5.4 ± 0.1

b

5.6 ± 0.1

b

5.6 ± 0.1

b

5.6 ± 0.1

b

5.4 ± 0.2

b

5.5 ± 0.2

b

9.0 ± 2.1

a

Glucose, mmol/L
0
60
90

104

120
150
180
240

5.0 ± 0.1

a

5.3 ± 0.1

b

5.5 ± 0.1

b

5.2 ± 0.1

ab

5.0 ± 0.1

ab

5.3 ± 0.1

ab

5.4 ± 0.1

ab

5.0 ± 0.1

a

5.5 ± 0.1

b

5.7 ± 0.1

b

5.5 ± 0.1

b

5.4 ± 0.1

ab

5.6 ± 0.1
5.4 ± 0.1

b

ab

5.0 ± 0.1

a

5.4 ± 0.1

b

5.4 ± 0.1

b

5.4 ± 0.1

ab

5.3 ± 0.1

ab

5.3 ± 0.1

ab

5.3 ± 0.1

ab

4.9 ± 0.1

a

5.2 ± 0.1

5.6 ± 0.1

b

5.4 ± 0.1

5.8 ± 0.1

b

5.3 ± 0.1

5.4 ± 0.1

b

5.2 ± 0.1

ab

5.3 ± 0.1

b

5.4 ± 0.1

ab

5.6 ± 0.1

5.2 ± 0.1

5.4 ± 0.1
5.3 ± 0.1

Insulin, μIU/mL
0

1

ab

9.0 ± 2.1

a
b

9.5 ± 2.1

a
b

9.2 ± 2.1

a
b

6.6 ± 2.1

a

8.3 ± 2.1

b

16.9 ± 5.6b

15.8 ± 5.6

90

19.5 ± 5.7b

21.5 ± 5.7b

23.2 ± 5.7b

18.2 ± 5.7b

20.4 ± 5.7b

15.6 ± 5.7ab

120

18.6 ± 5.3b

20.6 ± 5.3b

23.1 ± 5.3b

18.8 ± 5.3b

18.6 ± 5.3b

16.1 ± 5.3b

150

18.5 ± 5.0b

17.7 ± 5.0b

19.5 ± 5.0b

18.5 ± 5.0b

18.1 ± 5.0b

19.7 ± 5.0b

180

17.1 ± 5.1ab

19.2 ± 5.0b

19.7 ± 5.0b

15.2 ± 5.0ab

19.5 ± 5.0b

19.0 ± 5.0b

240

20.5 ± 5.1b

19.0 ± 4.9b

17.9 ± 4.9b

16.7 ± 4.9ab

15.8 ± 4.9b

20.8 ± 4.9b

19.5 ± 5.6

16.8 ± 5.6

17.6 ± 5.6

Time

Treatmen
t × Time

0.94

0.02

0.46

0.70

<.0001

0.28

1.00

<.0001

0.75

a

60

20.4 ± 5.6

Treatment

Values are least squares means ± SE determined using a one-way analysis of variance; there were 6 observations with the exception of 180 and 240 min
post-feeding samples in threonine intake level at 41 mg/kg BW/d (n=5; samples were unavailable).
ab
Different superscripts within a column indicates a statistical difference between the time points (P<0.05).

Whole-body phenylalanine kinetics
Threonine intake levels did not affect plasma phenylalanine flux, CO2
production and phenylalanine balance (P>0.05; Table 5.7). Phenylalanine entering
the plasma free amino acid pool from protein breakdown, and phenylalanine
leaving the pool by oxidation and non-oxidative disposal were not influenced by
threonine consumption level (P>0.05; Table 5.7). Dietary phenylalanine intake
were increased linearly with threonine intake levels (P<0.0001; Table 5.7),
however, the differences were very small (SE=0.02 μmol/kg BW/h; Table 5.7),
and unlikely to be of physiological significance. Phenylalanine oxidation rate was
decreased linearly by increased threonine intake (P=0.04; Figure 5.3) and
phenylalanine balance also increased linearly with increasing threonine
consumption (P=0.03; Table 5.7). Threonine intake levels had no other linear or
quadratic effects on any of kinetics parameters studied (P>0.05; Table 5.7). A
breakpoint in phenylalanine oxidation rate could not be determined by the broken
line analysis (P>0.05).
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Table 5.7 Whole-body phenylalanine kinetics in mature horses that were receiving graded levels of dietary threonine in 4:1 ratio of forage
to concentrate1, μmol/kg BW/h
Graded threonine intakes (mg/kg BW/d)

P-value

41

51

61

70

80

89

Treatment

Linear

Quadratic

Phenylalanine flux

55 ± 2

49 ± 2

54 ± 2

54 ± 2

53 ± 2

52 ± 2

0.41

0.79

0.83

Carbon dioxide production

14351
± 609

14900
± 609

15370
± 609

13820
± 609

13863
± 609

15271
± 609

0.31

0.99

0.66

Phenylalanine from dietary
intake

15
± 0.02a

15
± 0.02ab

15
± 0.02bc

15
± 0.02c

15
± 0.02c

15
± 0.02c

<.0001

<.0001

0.39

Phenylalanine from
protein breakdown

40 ± 2

34 ± 2

38 ± 2

39 ± 2

37 ± 2

37 ± 2

0.40

0.73

0.82

Phenylalanine oxidation

13 ± 0.9

13 ± 0.9

13 ± 1.0

13 ± 1.0

10 ± 1.0

11 ± 1.0

0.21

0.04

0.26

Non-oxidative
phenylalanine disposal

43 ± 2

36 ± 2

40 ± 2

42 ± 2

43 ± 2

41 ± 2

0.37

0.46

0.57

2.6 ± 0.9

1.8 ± 0.9

1.9 ± 1.0

2.7 ± 1.0

4.8 ± 1.0

4.4 ± 1.0

0.17

0.03

0.27

Phenylalanine entering the
free phenylalanine pool2
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Phenylalanine leaving the
free phenylalanine pool2

Phenylalanine balance3
1

Values are least squares means ± SE determined using a one-way analysis of variance; outliers were determined when data laid out of the range
between the first quartile – interquartile × 1.5 and the third quartile + interquartile × 1.5; observations were 6 on threonine intake levels at 41 and
51 mg/kg BW/d, and 5 on threonine intake levels at 61, 70, 80 and 89 mg/kg BW/d.
2
Stochastic formula of phenylalanine kinetics used: flux = rate of phenylalanine entry = rate of phenylalanine leaving; rate of phenylalanine entry
= phenylalanine intake + phenylalanine release from protein breakdown; rate of phenylalanine leaving = phenylalanine oxidation + non-oxidative
phenylalanine disposal; a splanchnic phenylalanine extraction rate of 26.5% was assumed when calculating the amount of digestible phenylalanine
reaching general circulation (Tanner, 2014)
3
Phenylalanine balance = non-oxidative phenylalanine disposal – phenylalanine release from protein breakdown
abc
Different superscripts within a row indicates a statistical difference between the threonine intake levels (P<0.05).

Figure 5.3 Plasma phenylalanine oxidation rate in mature horses fed 4:1 ratio of
forage to concentrate during indicator amino acid oxidation procedure

Plasma phenylalanine oxidation in mature Thoroughbred horses fed 4:1 ratio of forage to
concentrate linearly decreased (R2=0.13) with increased threonine consumption (P=0.04;
n = 6). However, a breakpoint could not be determined detected and there was no
quadratic (P=0.26) effect. Outliers were determined when data laid out of the range
between the first quartile – interquartile × 1.5 and the third quartile + interquartile × 1.5.
Observations were 6 on threonine intake levels at 41 and 51 mg/kg BW/d, and 5 on
threonine intake levels at 61, 70, 80 and 89 mg/kg BW/d.
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IV.

Discussion
Both experimental concentrates, the low and high threonine concentrates,

would have had similar amino acid composition, with the exception of threonine
and glutamate, because threonine was added to the low threonine concentrate to
generate high threonine concentrate at the expense of free glutamate (Table 4.1
and Table 4.2). Therefore, only the systemic availability of threonine and
glutamate should have been different between the treatment groups. However,
because glutamate is a dispensable amino acid, isotope phenylalanine oxidation
and non-oxidative disposal rate should only have been affected by the level of
threonine intake.
Amino acid requirements, which are not provided in the NRC (2007), can be
estimated based on amino acid compositions in equine body tissues, in
combination with the lysine requirement, 54 mg/kg BW/d, recommended in the
NRC (2007). Table 2.4 and 2.5 shows estimated threonine requirements based on
equine muscle and milk amino acid compositions, respectively. However, the
estimates do not account for digestibility and other uses by the body, and therefore
the actual threonine requirement might be greater than the estimates. The
experimental diets in the present study were composed of a 4:1 ratio of forage to
concentrate, which had a greater forage portion, providing higher fiber contents
compared with the experimental diets used in Chapter 4, which provided a 1:1
ratio of forage to concentrate. Because threonine is the significant constituent of
mucin protein (Lien et al., 1997) and greater fiber consumption stimulates mucin
secretion (Lien et al., 2001) in other mono-gastric species, it was expected that the
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threonine requirements would be greater when horses were fed a diet containing
higher fiber contents. Even though the forage composition in the experimental
diet (1.6% of BW) were higher than that in the diet used in Chapter 4 (0.95% of
BW), threonine intake levels, 41, 51, 61, 70, 80, and 89 mg/kg BW/d, used as
treatments in this study were not much different than the treatments in the
previous study, 45, 56, 67, 79, 90 and 102 mg/kg BW/d. Threonine intake levels
in the present study might cover the possible range of actual requirement because
the results from Chapter 4 indicates that threonine requirements in horses fed 1:1
ratio of forage to concentrate might be below 45 mg/kg BW/d, although the exact
threonine requirements were not determined. Because both experimental diets
used in Chapter 4 and Chapter 5 were designed prior to the start of these studies
and all sample analyses were conducted after both studies were completed,
retargeting threonine intake levels could not be done in either the high concentrate
diets or the high forage diets.
Greater levels of threonine intake did not influence plasma phenylalanine flux
(P=0.41), although isotope phenylalanine entering the plasma free amino acid
pool from dietary intake was slightly affected by treatments (P<0.001; Table 5.7).
The small treatment effect on phenylalanine intake is likely due to the small
differences in dietary phenylalanine intakes (SE=0.02 μmol/kg BW/h) between
the treatment groups, due to the high and low threonine concentrates providing
very slightly different levels of phenylalanine (1.78% versus 1.81% of diet for the
high and low threonine concentrate respectively) and small differences in actual
feed intake between horses, both of which were unlikely to result in any effects of
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physiological significance. Both phenylalanine entering and leaving the plasma
amino acid pool was unaffected by threonine intake levels (P>0.05) and
consequently, phenylalanine balance was not different between the treatment
groups (P>0.05; Table 5.7). Unaffected plasma phenylalanine flux and carbon
dioxide production rates due to differences in threonine intake (P>0.05; Table 5.7)
indicates that phenylalanine used for body protein synthesis was not different
between the treatment groups. This is in agreement with the estimates from the
stochastic model of whole-body phenylalanine kinetics, phenylalanine oxidation
and non-oxidative disposal were not affected by treatment (P>0.05; Table 5.7).
These results suggest that the actual requirement might be lower than 41 mg/kg
BW/d, which was the lowest level of threonine intake in the present study.
However, from the orthogonal linear contrast analysis, there was a linear decrease
of phenylalanine oxidation rate (P=0.04; Table 5.7) and a linear increase of
phenylalanine balance (P=0.03; Table 5.7) with increasing threonine intake,
without a breakpoint. This indicates that threonine requirement might be above 89
mg/kg BW/d, which was the highest threonine intake level in this study.
It might be possible that the threonine requirement may be greater than the
highest treatment level in the current study because a higher fiber composition in
feed will decrease protein digestibility (Stein et al., 2007; Myrie et al., 2008;
Zhang et al., 2013) and increase threonine endogenous losses (Satchithanandam et
al., 1990; Myrie et al., 2008), and accordingly total dietary threonine requirements
will be increased. Compared with the diets used in Chapter 4 (Table 4.5), the
experimental diets in this study had greater composition of dietary fiber, >1 g/kg
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BW/d of acid detergent fiber and >1 g/kg BW/d of neutral detergent fiber (Table
5.2). The forage portion of the experimental diet provided 29.8 mg/kg BW/d of
threonine for all treatments groups, accounting for 33 – 73% of total threonine
intake, while 17 – 39% of total threonine intake was from forage portion of the
experimental diet in Chapter 4. Threonine intake from concentrate was 11, 21, 31,
40, 50 and 59 mg/kg BW/d, in the order treatments with increasing threonine
intake. The major portion of forage will not be digested until it gets to hindgut
(Hintz et al., 1971) and the forage nitrogen digestibility in the foregut ranges from
27 – 41% (Gibbs et al., 1988), while pre-cecal nitrogen digestibility of
concentrate ranges from 58 – 72% (Farley et al., 1995) in horses. Total threonine
digested in the small intestine was estimated to be 19.8, 26.8, 33.8, 40.1, 47.1, and
53.4 mg/kg BW/d for each treatment, assuming that nitrogen digestibility is 40%
in forage (Gibbs et al., 1988) and 70% in concentrate (Farley et al., 1995), which
was lower than total threonine absorbed from the treatments in Chapter 4, 26.2,
33.9, 41.6, 50.0, 57.7, and 66.1 mg/kg BW/d. This was due to the higher portion
of total threonine intake provided by the forage. Even though the structural
carbohydrate of forage gets digested in the hindgut and forage protein could get
degraded by hindgut microbes, the utilization of nitrogen absorbed in the hindgut
seems to be marginal because the absorbed nitrogen in hindgut is mainly
ammonia form (Slade et al., 1971; Reitnour and Salsbury, 1972). Moreover, high
fiber contents consumed from the experimental diet (Table 5.2) might lead to
increased threonine requirements. In pigs, higher dietary fiber contents increased
intestinal glycoprotein secretion (Lien et al., 2001) and subsequently, decreased
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apparent ileal protein and amino acid digestibility (Myrie et al., 2008). Therefore,
horses that consumed the high forage diet in the present study were expected to
have greater total dietary threonine requirements than horses fed the higher
concentrate diet in Chapter 4 because of lowered protein digestibility and
increased mucin secretion by high fiber contents in the diet.
The lack of treatment effect on phenylalanine oxidation rate (P=0.21; Table
5.7) may be due to another amino acid being more limiting in the diet than
threonine, in particular lysine or histidine (Table 5.2). Lysine intakes were just 2
mg/kg BW/d higher than the requirement (NRC, 2007) in all treatment groups
(Table 5.2) and dietary histidine intake was only >1 mg/kg BW/d higher than the
estimated requirements (Lorenzo and Paterio, 2013) in all treatment groups (Table
5.2). Lysine has been suggested as the first limiting amino acid in growing horses
(Hintz et al., 1971; Potter and Huchton, 1975; Ott et al., 1981; Graham et al.,
1994). Moreover, a previous study reported that histidine might be a candidate for
a limiting amino acid in equine diet, which mainly consisted of corn and soy hull
(Tanner, 2014), and the experimental diets used in the present study also
composed with great amount of soy hull (38%, as-fed basis) and corn (16%, asfed basis). These previous findings support a possibility that one or more of the
other amino acids may have been more limiting than threonine, resulting in a lack
of responsiveness of phenylalanine oxidation to increasing levels of dietary
threonine. As a suggestion for a future study to resolve this hindrance, amino acid
concentrations in experimental diets might need to be analyzed prior to the
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beginning of a study so that amino acid intakes could be computed to ensure that
threonine is the first limiting amino acid in the diets.
In the present study, increased dietary threonine consumption resulted in
greater plasma methionine and tryptophan concentrations in both pre- and 90 min
post-feeding samples (P<0.01; Table 5.4 and 5.5), and plasma glycine
concentrations at 90 min post-feeding (P=0.02; Table 5.5). These results are in
agreement with data presented in Chapter 4, and the mechanisms resulting these
observations are discussed in the discussion section of Chapter 4. There was a
linear increase of plasma serine concentration at 90 min post-feeding (P<0.01;
Table 5.5). Because glycine and serine are inter-convertible in the animal’s body
(Figure 2.1), linearly increased plasma glycine concentration (P<0.01; Table 5.5)
might lead the linear increase of plasma serine concentration.
While feed consumption increased plasma urea nitrogen, glucose and insulin
concentrations (P<0.05; Table 5.6), plasma metabolites concentrations were not
affected by threonine intake levels both before and 90 min after feeding (P>0.05),
and there was no linear or quadratic effect of threonine intake on any of plasma
metabolites concentrations (P≥0.05; Table 5.4 and 5.5). This is coincident with the
previous result in Chapter 4.
In a previous study (Graham-Thiers and Kronfeld, 2005), mature horses (503
± 12.5 kg) were fed a diet containing a 4:1 ratio of forage (1.8% BW) to grain mix
(0.5% BW) with lysine and threonine supplementation (total 116 mg/kg BW/d of
lysine and 102 mg/kg BW/d of threonine). The supplemented horses had lower
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plasma urea nitrogen concentrations (5.59 mmol/L) than control group (total 68
mg/kg BW/d of lysine and 65 mg/kg BW/d of threonine; 7.44 mmol/L of plasma
urea nitrogen) which suggested supplemental lysine and threonine improved
dietary amino acid utilization. Also, 3-methylhistidine concentrations in amino
acids supplemented group (14.3 ± 2.7 nmol/mL) were lower than in control group
horses (22.5 ± 2.7 nmol/mL) indicating that body protein breakdown was
decreased by supplementing lysine and threonine. However, this previous study
was not able to quantify threonine requirements in mature horses because there
were only two levels of threonine intake, and lysine intake was also different
between treatment groups. Therefore it is impossible to conclude whether the
threonine requirement is below the level in the control diet (less than 65 mg/kg
BW/d), in between the two levels of intake (65 mg/kg BW/d to 102 mg/kg BW/d)
or even above the highest intake level of threonine intake (>102 mg/kg BW/d). In
the present study, the horse were fed 4:1 ratio of forage to concentrate similar to
the previous study (Graham-Thiers and Kronfeld, 2005), and the data suggests
that threonine requirements might be below 41 mg/kg BW/d based on unaffected
phenylalanine oxidation rate by the treatments from the ANOVA test (P=0.21), or
it might be above 89 mg/kg BW/d based on a linear decrease in phenylalanine
oxidation rate with increased threonine intake from the orthogonal linear contrast
(P=0.04). According to the two studies together, it might be more reasonable to
conclude that threonine requirements might be higher than 89 mg/kg BW/d when
horses are fed a relatively high forage diet.
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Even though there was no treatment effect on phenylalanine oxidation rate
(P=0.21; Table 5.7), the pattern of phenylalanine oxidation rate of individual
observations showed a linear decrease (P=0.04; Table 5.7) without a breakpoint
(P>0.05). This might be due to not enough statistical power or lack of higher
treatment level provided. The indicator amino acid oxidation method is a sensitive
technique, and previous studies suggest that 6 observations per treatment might
have enough statistical power in this method (Kriengsinyos et al., 2002; Urschel
et al., 2012). Thus, all threonine intake levels might provide adequate amount of
threonine, and body protein synthesis might not be affected by the treatments. The
other possibility is that if one or more treatment levels were added above the
highest threonine intake level, a break point might be detected in decreasing
phenylalanine oxidation rate suggesting a threonine requirement. Further
investigation is certainly warranted.
In conclusion, the threonine requirement in mature horses fed 4:1 ratio of
forage and concentrate could not be determined because either the requirement
fell outside the range of threonine intakes tested or because another amino acid,
such as lysine or histidine, was more limiting than threonine in the diet. Further
study is needed to increase the accuracy of estimated threonine requirement,
applying a greater range of threonine intake levels.
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Chapter 6. Overall summary and direction for future studies
The hypothesis of this thesis research was that threonine requirements of mature
horses would be affected by forage composition in the diet, because in other species
increased fiber content in feed not only reduces protein digestibility (Zhang et al.,
2013) but also stimulates intestinal mucin secretion (Lien et al., 2001). In other
mono-gastric animals, threonine is the significant constituent of the intestinal mucin
protein (Lien et al., 1997), and once incorporated into glycoprotein synthesis, it could
not be recycled into the blood amino acid pool (van der Schoor et al., 2002).
Therefore, intestinal secretory protein synthesis has been considered to be the major
source of endogenous threonine loss. Fiber in the horse’s diet would stimulate mucin
secretion and consequently, endogenous threonine loss would be increased, resulting
greater threonine requirements.
The study in Chapter 4 indicated that the threonine requirement in mature horses
fed a 1:1 ratio of good quality forage and concentrate might be below 45 mg/kg
BW/d because phenylalanine oxidation rates were unaffected by different levels of
threonine intake, 45 – 102 mg/kg BW/d (P>0.05), indicating that whole-body protein
synthesis was not changed by increasing threonine intake. Applying different
nitrogen pre-cecal digestibilities for the forage and concentrate components, 40% in
forage (Gibbs et al., 1988) and 70% in concentrate (Farley et al., 1995), the estimated
threonine absorption from each treatment ranged from 26.2 – 66.1 mg/kg BW/d
(Table 6.1), which covers the estimated range of threonine requirements based on
amino acid compositions in equine muscle and milk, 24.3 – 38.9 mg/kg BW/d (Table
2.4 and 2.5). This suggests that if more levels of threonine intake less than 45 mg/kg
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BW/d were fed to the horses, a decrease of phenylalanine oxidation rate might have
been observed with lower levels of threonine intake and a breakpoint might have
been detected, indicating threonine requirements below 45 mg/kg BW/d.
Horses fed 4:1 ratio of forage to concentrate in Chapter 5 had unaffected
phenylalanine oxidation by different levels of threonine intake, 41 – 89 mg/kg BW/d
(P=0.21), suggesting threonine requirements might be lower than 41 mg/kg BW/d.
However, this might not be a plausible estimation because calculated pre-cecal
threonine absorption from the treatment containing the lowest level of threonine was
19.8 mg/kg BW/d (Table 6.1), and this is lower than estimated threonine
requirements based on equine body tissue amino acid composition, 24.3 – 38.9
mg/kg BW/d (Table 2.4 and 2.5), which does not account for amino acid digestibility
or utilization in the body. On the other hand, the patterns of individual observations
of phenylalanine oxidation showed a linear decrease by increasing threonine intake
(P=0.04) without a breakpoint (P>0.05). This suggests that if more threonine intake
levels were added above 89 mg/kg BW/d, there might be a breakpoint in
phenylalanine oxidation. Because the absorbed threonine from the highest level of
threonine intake was 53.4 mg/kg BW/d (Table 6.1), which is greater than estimated
threonine requirements based on muscle amino acid composition, 27.5 – 33.5 mg/kg
BW/d, it suggests that absorbed threonine might be needed for not only muscle
tissues formation, but also the other uses in the body.
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Table 6.1 Estimated digestible threonine in the high concentrate diet used in
Chapter 4 and the high forage diet used in Chapter 51, mg/kg BW/d
High concentrate diet

High forage diet

Analyzed total
threonine intake

Estimated
digestible
threonine

Analyzed total
threonine intake

Estimated
digestible
threonine

45

26

41

20

56

34

51

27

67

42

61

34

79

50

70

40

90

58

80

47

102

66

89

53

1

Estimates accounted nitrogen pre-cecal digestibilities, 40% for forage (Gibbs et al., 1988)
and 70% for concentrate (Farley et al., 1995).
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In the studies described in Chapter 4 and 5, phenylalanine oxidation rate was not
affected by increased levels of threonine intake (P>0.05), indicating that the body
protein synthesis was not changed by additional threonine intake to the lowest levels
of threonine consumption, 45 and 41 mg/kg BW/d, respectively. There is a possibility
that threonine might not be a limiting amino acid in typical equine diets for mature
horses. Previous studies (Graham et al., 1994; Graham-Thiers and Kronfeld, 2005;
Tanner et al., 2014) suggested that threonine is a potential limiting amino acid in
equine diet. However, those studies were conducted with young horses (Graham et al.,
1994; Tanner et al., 2014) or the results from mature and aged horses together
(Graham-Thiers and Kronfeld, 2005), so it might not be coincident applying this
suggestion to mature horses. Also, because those studies have only two levels of
threonine intake and also different lysine intakes (Graham et al., 1994; GrahamThiers and Kronfeld, 2005), it is hard to separate the effect of threonine or lysine
intake levels on body protein accretion. Thus, those findings and the results from the
present studies might suggest that threonine is not a limiting amino acid in mature
horses fed common equine diets.
It is also possible that another amino acid was more limiting than threonine in
these formulated equine diets fed to mature horses. In Chapter 5, lysine intakes were
only 2 mg/kg BW/d greater than its requirement (NRC, 2007; Table 5.2). In addition,
histidine intakes were only about 1 mg/kg BW/d greater than the estimated
requirement, 26 mg/kg BW/d (Lorenzo and Pateiro, 2013), in all treatment groups
(Table 5.2). Lysine has been thought to be the first limiting amino acid (Hintz et al.,
1971; Potter and Huchton, 1975; Ott et al., 1981; Graham et al., 1994) in young
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horses, and there was a suggestion that histidine might be a limiting amino acid in a
diet composed with common equine feed ingredients, soy hull and corn (Tanner,
2014). Therefore, this is one possibility that lysine and/or histidine intakes from the
experimental diets might limit the body protein synthesis first in horses used in
Chapter 5, and consequently, threonine might not be used at maximum rate for the
body protein synthesis in all treatment groups, resulting unaffected phenylalanine
oxidation rate.
Because mucin is secreted to protect the intestinal tract from physiological
irritation by fiber contents in digesta, mucin production might be increased when
horses were fed high forage diet. However, endogenous threonine losses were not
measured in the present studies, so the effect of fiber intakes from the experimental
diets on endogenous threonine losses, and consequently, on the requirements, could
not be explained further. If endogenous threonine losses were measured in horses fed
different ratios of forage to concentrate in those two experimental diets and
endogenous threonine losses were actually much greater in horses fed a high forage
diet in Chapter 5 than horses fed a high concentrate diet in Chapter 4, the possible
range of threonine requirements in horses fed a high forage diet might be suggested
as above 89 mg/kg BW/d, more confidently. However it cannot be concluded at this
point.
There are some suggestions for improvements in the design and execution of this
thesis research:
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1. If there was time available for analyzing experimental feed and biological
samples in between the two studies, the threonine intake levels could have
been retargeted to be much lower than the levels used in these experiments.
Because the results suggests that threonine requirements in horses used in
this thesis study might be lower than the lowest level of threonine intakes in
both sets of experimental diets, the high concentrate and the high forage diet,
readjusting lower threonine intake ranges might have made it possible to
determine threonine requirements.
2. If both experimental concentrates, the low threonine and the high threonine
concentrates, were designed with other feed ingredients, it might be possible
to reduce the level of threonine intake for the treatments. There are some feed
ingredients containing less threonine concentrations compared to feed
ingredients used in the experimental concentrates (Table 6.2), and they could
have been used for formulating experimental concentrates to generate lower
levels of threonine intake. However, some feed stuffs containing less
threonine concentrations have also lower levels of crude protein and other
amino acid, or they are not practical equine diet sources (e. g. tapioca meal,
Table 6.2). However, it might not be relevant or applicable to test threonine
requirements by feeding animals with diets containing uncommon ingredients,
which are rarely fed to horses in practical situations.
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Table 6.2 Crude protein and amino acid composition of feed ingredients1, as-fed
basis, %
Feed ingredient

Crude
protein

Lysine

Threonine

Histidine

Used for the experimental concentrates
Beet pulp

8.6

0.52

0.38

0.23

Corn distiller grain

24.8

0.74

0.62

0.63

Corn, grain

8.3

0.26

0.29

0.23

Oat, grain

11.5

0.4

0.44

0.31

Soybean meal

43.8

2.83

1.73

1.17

Wheat middling

15.9

0.57

0.51

0.44

Barley, grain

10.5

0.36

0.34

0.22

Rice, grain

7.9

0.30

0.26

0.18

Rye, grain

11.8

0.38

0.32

0.24

Sorghum, grain

9.2

0.22

0.31

0.23

Tapioca meal

3.3

0.12

0.11

0.08

Other feed ingredients

1

Data from NRC (1998)
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3. The experimental diets resulted in overfeeding of energy and it would
maximize utilization of dietary protein. The digestible energy intakes in the
present studies were 29.2 and 26.2 Mcal/d while energy requirement
recommended in the NRC (2007) is 20.0 Mcal/d. However, inducing lower
digestible energy intake to estimate threonine requirements is not practical
because it might also accompany lower crude protein and lysine
concentrations than their requirement levels in diet, especially in the high
forage diet. Moreover, lowering the energy intake in the high concentrate diet
would require reducing forage compositions in the diet even further below 1%
of body weight amount, which is the minimum level recommended to be fed
to horses for the sound gastrointestinal function (NRC, 2007).
4. Other classes of horses should be studied to determine threonine
requirements. Mature horses at maintenance might not be the best model for
evaluating threonine requirements because they do not synthesize body
protein for extra uses, such as growth, yielding milk or producing fetal tissues,
other than maintaining their life. The results from the present studies also
agree that threonine might not be a limiting amino acid in mature horses.
However, threonine might be a limiting amino acid for growing, lactating or
pregnant horses. When studying threonine requirements with horses in these
classes, there are some factors that should be considered such as the growth
rate of young horses, the milk yields of lactating horses and rapid changes in
fetal development as the pregnancy progresses. These factors greatly
influence body protein synthesis rate and thus, requirements of threonine will
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keep changing dependent on a phase in a certain physiological state.
Therefore, prolonged study procedures or using horses in different stages of
that physiological state might induce huge variations in estimations of
threonine requirements.
Even though threonine requirements in mature horses were not determined, the
studies presented in this thesis narrowed the range where the actual threonine
requirements might be. This research was the first attempt to evaluate threonine
requirements in horses by a direct measurement using the indicator amino acid
oxidation method, and the results suggest a possible and even closer range of
threonine requirements in mature horses fed different ratios of forage to concentrate,
1:1 and 4:1. Further research with different range of threonine intake levels as
treatments is warranted to refine the estimates. Moreover, future studies on threonine
requirements in horses at various physiological states or equine mucin protein would
contribute valuable information for equine feed formulation.
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